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Abstract

In recent times the number of space missions has grown signi cantly, hence increasing the number
of orbiting satellites and consequently space debris. In this context, In-Orbit Servicing (I0S) aims
to solve this problem by extending the life of spacecrafts and eventually de-orbiting them once
they become obsolete.

The purpose of this thesis is to develop an orbital simulator for small satellites (100 150 kg)
in LEO orbit, capable of accurately reproduce rendezvous and docking manoeuvers. In the future,
the developed simulator will be used to test and train Autonomous Navigation (AN) and guidance
algorithms developed with Al techniques.

In this thesis, a realistic In-Orbit Servicing scenario between a Chaser and a Target satellite is
presented as a case study. The simulated mission consists in two phases: a close range rendezvous
phase in which, after scanning its surroundings, the Chaser locates the Target and moves to a
holding point located at 500m from it (either in V-bar or R-bar); a second phase in which the
Chaser performs the nal approach and docks to the Target.

In particular, two methods for the nal approach will be presented. In the rst case, a classical
approach will be considered, the Chaser will perform a y-around manoeuver moving from V-bar
to a R-bar holding point and will then start a cone approach until docking is acquired; in the sec-
ond case, an innovative APF guidance algorithm, in which the obstacle is shaped like the keep-out
zone, will be considered.

The actuation system is composed by thrusters for position control and both thrusters and re-
action wheels for attitude control. The control system relies on a PID controller for closed loop
control, whereas an open loop control is used for the classical approach.

While the Target is considered to be xed and unperturbed, the Chaser is a ected both by dis-
turbing forces and moments.

The Chaser is considered to be equipped with a set of various sensors, both absolute and rela-
tive, for the attitude and position data. Their signals will be Itered by means of Extended Kalman
Filters (EKF).

The scenario is simulated in the MATLAB/Simulink environment and a combination of Phyton
and Blender is used to simulate the camera image acquisition.
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Chapter 1

Introduction

1.1 On Orbit Servicing

In the last decade, the interest of the scientic community shifted towards a dierent type of
space-related missions. The increasing number of space debris, in addition to the safety needed
for space missions, made On-Orbit Servicing (OOS or 10S, In-Orbit Servicing) an interesting and
useful option to accommodate both interests.

OOS refers to on-orbit activities conducted by a space vehicle that performs up-close inspection
of, or results in intentional and bene cial changes to, another Resident Space Object (RSO).
Therefore, exploiting this type of mission could result in the augmentation of properties for future
or present satellites, which translates into the possibility of extending satellite's life and ability to
operate.

Figure 1.1: MEV1 (Northrop Grumman) rendezvous with 1S-901 (Intelsat) mission visualisation -
courtesy of Intelsat

1.1.1 On Orbit Servicing possibilities

In particular, the possible applications [11] of OOS missions include:

" Non-contact support: it refers to operations in proximity of a client by the servicer that
enhance the client's capabilities or the servicer's knowledge of the client. Non contact support
is the only OOS function that does not require the servicer to mate with the client. Examples
of non-contact support include inspecting the client to assist in anomaly resolution, and
remotely enhancing the client with new capabilities using a wireless connection.

"~ Orbit modi cation and maintenance: it occurs when a servicer performs propulsion and atti-
tude control functions for the client. Orbit modi cation, sometimes referred to as relocation



or repositioning, is when the servicer spatially moves the client to a predetermined position
and/or orbit. Orbit maintenance, or assistance, is when the servicer performs the station
keeping and attitude-control functions for the client.

Refueling and commodities replenishment: it is a service that supplies commodities naturally
depleted by the client over the course of its mission. Commodities include uids such as
propellants, pressurants, or coolants, but could also include other items such as dispensable
objects.

Upgrade: it is the replacement or addition of components to a client to enhance the client's
capability. Some examples are replacing a ight processor with a more capable one via ORUs,
or installing a new payload into an existing structural, electrical, data, or thermal interface
on the client. Upgrade can overlap with assembly, depending on the operation.

Repair: it is the replacement of components or correction of mechanical failures on a client
to restore capability. Examples of this include replacing a failed battery with a new battery
and assisting a solar array that failed to properly deploy.

Assembly: it is an activity in which two or more objects intentionally combine to create a
new space object or add an object to enhance an existing space vehicle. Examples include
constructing a space station or large telescope, combining satlets to create a satellite, and
adding a re ector dish to an existing satellite. Assembly can overlap with upgrade, depending
on the operation.

Debris mitigation: it refers to a set of activities to locate, identify, and/or reposition RSOs.
The term space debris refers to human-made objects in space which no longer serve a use-
ful function. These include non-functional spacecraft and abandoned launch vehicle stages,
mission-related debris, fragmentation debris originated from spacecraft explosions or colli-
sions and fragments derived by the satellites erosion and disintegration, like paint ecks and
solidi ed liquids expelled from spacecraft. These objects have been accumulating in Earth
orbit since the late 1950s, with a signi cant increase in the past decade due to intensi ed
space activities. In October 2019, the US Space Surveillance Network reported over 20,000
arti cial objects in orbit around Earth, with only a fraction of them being operational satel-
lites. Most of this debris is concentrated in Low-Earth Orbits (LEO), with steady growth
over the years, the Geostationary Orbit (GEO) also faces a high concentration of debris. De-
spite e orts to mitigate debris, collisions remain a signi cant hazard, especially for upcoming
mega-constellations of internet satellites, which could exacerbate the problem.

Figure 1.2: ADRAS-J mission visualisation - courtesy of ASTROSCALE



1.1.2 Debris mitigation

In particular, for debris mitigation, the escalating number of debris objects and the risk of catas-
trophic collisions pose a serious threat, known as the "Kessler syndrome." [12] This self-sustaining
process could lead to a cascade of collisions, rendering space travel increasingly more hazardous.
One of the primary roles that OOS could serve in order to mitigate space debris, is active debris
removal (ADR) [13]. ADR missions aim to capture and deorbit defunct satellites and other large
debris objects, thereby reducing the overall density of space debris in critical orbits. By selectively
Targeting the most hazardous objects, OOS can mitigate the risk of collisions and help prevent
the further increase of the debris population.

Additionally, OOS can play a crucial role in debris mitigation e orts. Through preventative
maintenance and servicing, the lifespan of current operational satellites can be extended, reducing
the frequency of new satellite launches and the associated generation of space debris. Moreover,
OOS missions can implement mitigation measures on active satellites, such as installing propulsion
systems for end-of-life disposal or deploying drag augmentation devices to hasten deorbiting.

Furthermore, OOS o ers the potential for on-orbit servicing of active satellites to address mal-
functions or degradation, thus prolonging their operational lifespan and maximizing their utility.
By providing on-orbit repairs and upgrades, OOS can enhance the reliability and sustainability
of satellite constellations, reducing the need for premature satellite replacements and the creation
of additional debris. Overall, On-Orbit Servicing holds great promise as a proactive and versatile
tool in managing the space debris problem. By enabling active debris removal, implementing miti-
gation measures, and servicing operational satellites, OOS missions can contribute signi cantly to
ensuring the long-term sustainability of space activities and preserving the orbital environment for
future generations.

Figure 1.3: Clearspace-1 mission visualisation, set to depart in 2025 - courtesy of ESA

1.2 Drivers of the thesis

The driver for this thesis is the participation to an ESA "call for ideas" within the Autonomous
Navigation domain.



1.2.1 Economical bene ts

The modern space industry is highly cautious when it comes to taking risks. This caution stems
from several factors. Firstly, the immense expense associated with space commercialization plays
a signi cant role. Additionally, essential mission areas are typically managed by government space
programs. Moreover, the commercial space industry is driven by the need to ensure investor prof-
itability.

Presently, when a satellite exhausts its fuel or experiences malfunctions, satellite operators have
no alternative but to decommission it and substitute it with a spare or a newly launched satellite.
Consequently, this circumstance has led satellite designers to focus on three key design eleménts

Redundancy: as a result, the design will increase in terms of complexity, mass and cost

Proven technology: this choice limits the technology available in the mission to a higher TRL,
limiting satellite performances and slowing down innovation

Long operational lives: inability to update space-based capabilities during the time of the
mission, letting satellites operate with obsolescent hardware.

To address the limitations of these conventional approaches, OOS o ers a potential solutioh
presenting an alternative for satellite operators. Satellite servicing o ers the capability to refuel,
repair, and inspect functional satellites, thereby enhancing exibility in satellite design and oper-
ations. By potentially easing requirements, reducing risks, lowering costs, and enhancing system
resilience. The advantages of satellite servicing can be categorized into ve main areas:

" Risk Reduction : Implementing a space-based servicing infrastructure lowers the risk of
mission failure throughout the satellite's lifespan. Early detection of spacecraft system faults
allows for timely repairs, and monolithic systems can be replaced with smaller redundant
components assembled in space.

Cost Reduction : Although OOS is usually associated with a higher cost due to the compo-
nents that t the satellite, they actually make it possible to decrease redundancy costs and
the possibility of deferring the initial investment over time, considering future refuelling or
upgrade missions.

Performance Enhancement : Mission duration and payload capacity can be increased
by refuelling or adjusting components. In addition, OOS prevents hardware obsolescence
through upgrades.

Flexibility Improvement : An On-Orbit Servicing (OOS) infrastructure provides satellite
operators with the exibility to adjust requirements and hardware post-launch.

Facilitation of New Missions  : Refueling servicing activities enable missions in extremely
low altitude orbits that require frequent drag compensation, reducing launch and hardware
costs

Indeed, the capability of performing OOS is projected to have around 4.5 billion USD cumula-
tive revenue by 2028, while extending the orbital lifetime of constellations via OOS has been shown
to extend revenue production for existing constellations. The interest in performing OOS activities
has been demonstrated by public entities in recent years for its potential application to the sys-
tematic reduction in the production of new debris. As an example, NASA developed the OSAM-1
mission, while ESA developed a new program named ADRIOS (Active Debris Removal/In-Orbit
Servicing) applied to the mission ClearSpace-1.[14]

IMichele Maestrini. Satellite Inspection of Unknown Resident Space Objects. Politecnico di Milano, 2021
2NASA. On-Orbit Satellite Servicing Study. Project report, 2010



The growing commercial appeal of unmanned On-Orbit Servicing (OOS) missions is driving
private satellite manufacturers to participate. Their involvement is seen as vital for developing
enabling technologies and reducing servicing costs. However, private entities' participation in OOS
activities may appear contradictory, as extending a spacecraft's lifespan goes against the trend of
planned obsolescence, potentially decreasing sales for satellite providers and increasing develop-
ment costs for operators. Private entities designing servicing platforms may be hesitant due to
the initial risks and development costs without guaranteed market viability. To attract satellite
operators, OOS costs must be lower than the gains from extending satellite lifespans.

Consequently, public-private partnerships have become crucial in this eld. This model involves
collaboration between public agencies and private industry, with public organizations bearing most
of the development costs and initial risks, while also combining scienti ¢ and technology demon-
stration objectives.

The primary motivation for fully private On-Orbit Servicing (OOS) missions lies within the
Geosynchronous Earth Orbit (GEO) environment.[12] This orbit hosts over four hundred opera-
tional satellites, representing a signi cant asset in the space industry. However, each year, several
billion dollars worth of GEO satellites are retired due to depleted propellant, leading to substantial
insurance payouts and investigation costs. Historical data reveals that a combination of satellite
and launch vehicle failure rates results in approximately one out of seven satellites failing before
reaching their end of life. Given the substantial cost of GEO satellites and their launch vehicles,
this failure rate is concerning.

Moreover, the GEO environment is particularly conducive to OOS bene ts due to its high con-
centration of large satellites on relatively few orbital planes, facilitating easier transfers between
objects. Satellites in GEO orbits typically require propellant for transfer to a graveyard orbit upon
retirement, increasing launch costs. Additionally, satellite operators retire spacecraft based on pro-
pellant estimates with safety margins, making a fully fuel-depleted satellite capable of extending
its mission duration with OOS refuelling for disposal.

While GEO has attracted signi cant market interest for OOS, the potential application to
the Low Earth Orbit (LEO) environment remains largely untapped. With the rise of mega-
constellations like OneWeb, Boeing, SpaceX, Samsung, and Google, the demand for OOS services
in LEO is expected to grow exponentially. Furthermore, the analysis of the LEO region is crucial
for debris remediation e orts, adding another layer of importance to exploring OOS capabilities in
this orbital environment

1.3 Study case and future applications

As stated in the previous section, OOS might be crucial in the future of space economy and an
essential instrument to be used against the debris problem. As a result, it is crucial to develop and
implement technologies that can transform the OOS missions into a real possibility.

One of the main aspects linked to this kind of missions, is the necessity to use reliable GNC
system able to perform proximity operations without risks and in compliance with the require-
ments. The GNC system must be developed to be able to perform with both cooperative and
uncooperative Targets, which translates into di erent architectures and into di erent approaches.

Furthermore, it is key to develop a connection with the new technologies emerging nowadays, as
such, Arti cial Intelligence and Neural Networks (NN) promise to be e ective solutions to perform
many complex tasks that spacecrafts and satellites will face in the near future.

For all these reasons, the objective of this thesis is to develop a simulation environment able to

reproduce the nal phases of the approach to a generic Target in a circular LEO orbit, in order to
train and test Al algorithms in di erent, realistic scenarios, in a second phase of the project. The

5



proposed activity is intended as a starting point for the development of a simulation environment
in which autonomous navigation algorithms will be tested and trained.

In particular, the simulator will exploit the accuracy of a model-based simulation to reproduce
with high- delity the behaviour of cameras and sensors and the realism of virtual reality to make
it operate in a mission-like environment in which di erent entities can be modeled.

To validate the results, a case study is proposed, in which the Chaser is around 1 km behind
the moving direction of the Target and has two main objectives: reaching and mapping it and to
perform docking.



Chapter 2

Mathematical models

2.1 Reference frames

In this section the various reference systems that were used will be discussed, so that the graphs
presented later will be more clear. In particular, the following will be presented:

" Orbit reference frames: to describe the orientation of the orbit relative to inertial space and
to the Earth and to describe the motion of a spacecraft within an orbit;

" Spacecraft local orbital reference frames: to describe the motion relative to a particular point
in orbit or to another spacecratft;

" Spacecraft attitude and body frames: to describe dynamic and kinematic processes (attitude,
attitude manoeuvers) of the spacecraft relative to its center of mass and to describe features
relative to the geometry and to a particular point of the spacecraft.

In order to describe each reference frame it is necessary to describe where the origin is xed and
a set of three orthogonal vectors.

2.1.1 Earth-centred equatorial frame

This particular quasi-inertial frame is centered in the center of mass of the Earth and it is used to
describe the motion of the satellite around it.

" a;= lays in the equatorial plane and points towards the vernal equinox;
" ap= lays in the equatorial plane, completing the orthogonal triad;

" az= normal to the equatorial plane and pointing north.

a3

equator
— <]
4,

.\l‘&\

Figure 2.1: Earth-centered equatorial frame [2]



2.1.2 Orbital plane frame

This frame is used to describe the motion of the satellite in the orbital plane and it is Earth
centered. If orbital inclination and RAAN (Right Ascension of the Ascending Node) are equal to
zero (circular equatorial orbit), this reference frame is coincident with the previous one.

" a;= in the orbital plane, pointing towards the ascending node;
" ay= in the orbital plane, completing the orthogonal triad;

" az= normal to the orbital plane, inclined to the north of an angle equal to the orbital
inclination.

N

a=rep
ascending node

Figure 2.2: Orbital plane frame [2]

2.1.3 Spacecratft local orbital frame

This rotating frame, often referred as the Local-Vertical/Local-Horizontal frame (LVLH) if the
orbit is circular, is the main one used for the description of the relative motion of a satellite with
respect to a xed point of an orbit (usually the Target spacecraft). The origin is in the center of
mass of the spacecraft, in this thesis, in particular, the Target is considered the centre.

" a; (V-bar)=in the direction of the orbital velocity;
" a (H-bar)= in the opposite direction of the angular momentum vector of the orbit;

" as (R-bar)= radial from spacecraft center of mass to the center of the Earth.

Figure 2.3: Spacecraft local orbital frame [2]
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Figure 2.4: Spacecraft local orbital frame [2]

2.1.4 Spacecraft attitude frame

The spacecraft attitude frame is used to describe all the rotations of the body of a spacecratft, in
fact is referred also as the body frame. In this case, it describes the rotations of the body with
respect to The LVLH. The origin is in the centre of mass of the spacecraft, while the axis depend
on the mission and the mission phases.

2.1.5 Spacecraft geometric frames

This frame is used to describe the position and the rotations of spacecraft's components with respect
to a particular point in the spacecraft de ned as the origin. The axes form a triad, starting from
the origin. It's used to describe the position of sensors, docking ports, payloads and mechanism
useful for the mission.

2.2 Rotation matrix [1]

In space applications, it is often necessary to move from one reference franig;) to another (F;),
by means of rotation matrices. The main class of rotations are those about the coordinate axes,
usually referred to axis 1 for X axis, 2 for the Y axis and 3 for the Z axis.

2.2.1 Principal rotations and Euler angles
In particular, the rotation matrix used when rotating around the Z axis is:

2cos( ) sin( ) O3
R()=[]= 4sin( ) cos() 05
0 0 1

It is important to note that the third column and the third row are both [0; O; 1] because theZ
axis is in common between the two reference frames.
Similarly, for a rotation about the Y axis:

2 .3
cos() O sin()
R()=[]= 4 o© 1 05

sin() 0 cos()

and for a rotation about the X axis:

2 3
1 0 0

R()=[]1= 40 cos() sin( )>
0 sin() cos()
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A common set of angles that can be used in these three matrices is known as the Euler Angles.
In this case the three angles are called = yaw angle, = pitch angle, = roll angle.
When using rotation matrices, it is important to de ne the order in which they are applied, since
the rotations are not commuting. Usually, for aerospace applications, the rotation orders3 2 1
or3 1 3areused. A3 2 1 rotation means a rotation about the Z axis, then about the Y
axis and nally about the X axis.

$ . ~ g B -
i 2N 5 Zp ™
—_— & e Kk
o 9 & v
5 o q
. \ 5
~-F % ~¥ 0
X v = < V.. ¥ oy
LS 1 ‘%, # Yt
e v % %

Figure 2.5: 3-2-1 Euler rotation sequence [1]

In general, a rotation sequence from theoreferenoge framE; to the reference frameF,, passing
through the intermediate reference frames~; and F; , can be written as (let V; be a3 1 vector
de ned in Fy):

Ve =[J[Ill Vi
and, since the matrices are orthogonal, it is possible to write the inverse rotation:
Vi=[1 1 M1 *Ve=[1T[1TI]"V2

Let ¢ = cos and s = sin, it is possible to write the general rotation matrix to directly rotate
between the two reference frames as:

3
cc cs S
R(G:: )=[IN1= 4ssc cs sss +cc sc O©
csc +ss ¢css sc cc
It is important to note that this matrix is no longer orthogonal.
Unfortunately, this rotation has a singularity when = 90, because the rst and third

rotations in the sequence are about the same axis, so two angles are associated with the same
rotation.
In fact, if the inverse matrix is computed, it can be seen that there would be a factorﬁ and if
= 90, there would be a division by 0.
Similarly, fora 3 1 3 rotation, there is a singularity when =0;180.

2.2.2 Rotations between notable reference frames

Some other common rotations are the ones used to move from a notable reference frame to another,
in particular it is possible to identify the following:

Rotation from Earth Centered Inertial frame to Perifocal Frame

Iltisa 3 1 3rotation of angles = ! argument of periapsis, = i inclinationand = RAAN.
2 3 2 _ 32 32 ) 32 3
Xp cos() sin(!) 0 1 0 0 cos() sin() O XEec
4Y,5=4 sin(') cos() 0940 cosf) sin(i)®4 sin() cos() 0 94VYeg © (2.1)
Zp 0 0 1 0 sin(i) cos() 0 0 1 Zgg

It is important to note that the matrices in use, already are the inverse of the direct rotations and
that the rotation is written in the form:

Vi=[1 1 M1 *Ve=[1T[1T1]"V2

10



Rotation from Earth Centered Inertial frame to Orbital Plane Frame

ltisa3 1 3rotation of angles =i inclination and = RAAN.
2 3 2 32 . 32 3
op 1 0 0 cos() sin() O XEci
4Yypo =40 cosf) sin(i)®4 sin() cos() 0 94Ygq O (2.2)
Zop 0 sin(i) cos() 0 0 1 Zgg

The rotation is written in the form:
Vi=[] ] va=[] T[] "V,

Rotation from Orbital plane to Local Orbital Plane

It is possible to move from the OP to the LOP, if the orbit is circular, by using the rotation:

2 3 2 32 32 . 32 3
XLop 1 0 O 0 1 0 cos() sin() 0O Xgp
4Y op 9=40 0 154 1 0 B4 sin() cos() 094Yyo (2.3)
Ziop 01 O 0 0 1 0 0 1 Zgp
Where =1t and! is the angular velocity of the orbit.

From Local Vertical Local Horizontal to Body

It is possible to move from the LVLH frame to the body frame by de ning three rotation angles
that depend on the mission and using, usually, &8 2 1 rotation.

Viveiw =[I[I[1 Vs (2.4)

2.2.3 Quaternions

To avoid the singularities that derive from using the Euler angles, it is possible to de ne, and use,
the quaternions. In this section, they will be brie y discussed [15].

Euler's rotation theorem states that the most general motion of a rigid body, in which one of its
points remain xed, is a rotation about an axis that passes through that point. Let a be this axis.
The Euler's axis a is the axis for which it is valid that:

a= al + af + ask = ayf'+ amh + agh
and
o AT a2 =
aj+as+as=1

wheref: Kk and f} vi; A are the versors of the two reference frames.
It is possible to de ne quaternions as:

42 R*=[0p;th; ;%] = [0o; o]

where, if is the rotation angle: 2 3 2
(o) cos(3)
§QIZ _ §a1 sin(z)é 25
" a, sin(3) 29
(03} ag sin()
Using quaternions, it is possible to de ne the inverse rotation matrix L »;
Lar =05 11+2qyq," 200" (2.6)
where g, * 2 R® 3 is the emisymmetric matrix de ned as:
2 3
0 B &
Q =46 0 @b @2.7)
® G 0
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It is also possible to write the Euler's angles in terms of quaternions:

N 2(pan + o)

= atan A (2.8)
= asin[ 2(ws k)] (2.9)

h i
= atan 2(4%* D% (2.10)

G & g+
Finally, it is important to note that, when working with quaternions, the error between them has
to be calculated using:

Oerr = Oges  Gtrue (2.11)
where is the quaternion multiplication de ned as:
2
o G G GB_ fo
g =88 ® ® @ égrlé 2.12)
& & G Q= =2
& & G rs

and the inverse of the quaternion is:

1 9 _ o oo @ gl
T Tk drdr i@ @

Finally, it is possible to compute the quaternion rst and second derivative using:

1
®= St (2.14)
Q= S(@1® *+ )+ (2.15)
with gy = [an; @p; Gs] and
1 1
@ =29 12+ 54 L (2.16)

2.3 Orbital dynamics

In order to describe the rendezvous manoeuver, the Target was considered as the origin of the
LVLH frame and, as a consequence, the orbital dynamic needs to be projected in it [2]. The
relative motion between the Target and the Chaser can be described by the Hill's equations under
the following assumptions:

" The orbit has to be a circular orbit;
" The distance between the Chaser and the Target has to be lower than the orbital radius;

~ LVLH frame;

" The Target is considered to be a ected only by the gravitational forces, while the Chaser is
a ected by both gravitational and external forces.

1
20z= —F 2.17
X Z me X ( )
y 1y=F (2.18)
me '
z+21x 32%z= min (2.19)

(2.20)
Where:
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" X, Y, z are the position components in the LVLH frame (V-bar, H-bar, R-bar);
" 1 is the angular frequency of the circular Target orbit (! =2 =T );
" Fx,Fy and F, are the forces acting on the Chaser (in this case: external forces and thrust);

" m¢ is the mass of the Chaser.

2.4 Orbital kinematics

2.4.1 Euler's equations

The Euler's equation are a set of ordinary di erential equation that describes the rotations of a
rigid body. In particular, the total angular momentum can be written as:

X
Hiota = ri mry (2.21)
i=1

where r; is the distance between the origin of a given inertial reference frame and the center of
mass of the body, which is also the center of a rotating reference frame.
The total angular momentum can be decomposed into

X0 X
Hiotal = mi R R+ m;
i=1 i=1

(2.22)

respectively the angular momentum with reference to the inertial reference frameR being the
distance) and with reference to the CoM ( being the distance). Additionally, the body is considered
to be rotating only about its CoM, so that

with ! angular velocity.
It is now possible to neglect the rst term, obtaining

X
Hiotal = m ! (2.23)

i=1

Now, if | is the tensor of inertia, the angular momentum can be written asH = I! . It is now
possible to obtain the torques by deriving the angular momentum, but it is necessary to consider
that the reference frame is rotating, so, because in general it is true that:

%'. . = % + 1 a
dt]mertlal = dtJbody :
it is possible to obtain:
dH . dH .
Ejinemm = M = E]body + I H = ||_+ | || (224)

If the tensor of inertia is a diagonal matrix, meaning that the satellite has two planes of symmetry,
the Euler's equations can be written as

L= lalxtylo(lz ly) (2.25)
M = Iyy'_y+|xlz(|xx Izz) (226)
N =1+ (lyy  Ixx) (2.27)
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2.4.2 Kinematics equations

It is now possible to relate the angular velocities to the variations of the Euler angles using, for
example, a3 1 3rotation, obtaining:

2 3 2 32 3
_ 1 S c 0 Iy

4 5= _4sc ss 0541,5 (2.28)
_ S CcsS cc s I,

To avoid the singularity, it is also possible to use quaternions, using the following formulation:
2 3
! X

A _Lol+aq a ! _1 Al 475 (2.29)

©@ 2 4 G 0 2 gl+g |’
- Z

with g de ned as in (2.7) and 1 being the 3 3 identity matrix.

2.5 Extended Kalman Filter

Sensor measurements are never free of noise and errors, as each instrument has a di erent sensitivity
and precision. For this reason, it is necessary to introduce a data Itering process [16] in order to
Iter out the noise in the measurements and to provide an optimal estimate for the state, given
the observed measurements.

The Extended Kalman Filter (EKF), is able to handle non-linearity, unlike the Kalman Filter,
by forming a Gaussian approximation to the joint distribution of state and measurements using
Taylor series based transformations. The Itering process consists of two stages:

" The prediction step estimates the next state, and its covariance, at the time step t of the
system, given the previous state at the time step t-1;

" The correction step recti es the estimation with a set of measurements at time t.

The instantaneous state of the system is represented with a vector, which is updated through
discrete time increments to generate the next state.

Xt = FXp 1+ Wy (2.30)

Zt = Hx¢ + w;y (2.31)
Where:
" Xt 2 R" is the state of the system describing the condition of n elements at time t;
z: 2 R™ are the measurements at time t;
" wy is the process noise at time t;
~ w, is the measurement noise at time t;
F 2 R" " is called the state transition matrix;

H is the measurement model matrix.

The process can be described as follows:
Prediction
K= (Xt 1;U) (2.32)

Pi= F(xt 1u)Pe 1FT (X 1;u) + Q (2.33)
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Correction

Vi =2z h(x); (2.34)
St = H(x)PHT () + Ry (2.35)
Ke=PeHT (x)(S) ! (2.36)

where
X = K¢ + K\ (2.37)
Pe=(la KH))P, (2.38)

Where f is the non linear dynamic model function and h is the nonlinear measurement model
function. In particular, F and H are the Jacobians off and h.

F(xt 1;Up) = M (2.39)
F(xt 1;Ur) = w (2.40)

2.6 TRIAD method

TRIAD is an acronym for TRlaxial Attitude Determination, which consists in a method that uses
two vectors measurements to determine the attitude of the spacecraft. This method [17] uses the
measurements of 2 normalized vectors in body frame and in a second reference frame, in particular,
each of these unit vectors contain only two independent scalar pieces of attitude information.
For this reason two unit vectors can determine the rotation Matrix. Considering b; and b, as the
unit vectors in body frame, and r; and r, as the unit vectors in the other reference frame, the
desired rotational matrix is the one that rotates vectors from the reference frame to the body frame
such as:

Ari=h (2.41)

That implies:
b b =(Ary) (Arg)=rfA%Ar=ry 1, (2.42)

The second equation (2.42) is only correct for error-free measurements, therefore it is impossible
to satisfy both equations. The main assumption of the TRIAD method is that one of the two
measurements vectors is more precise and, as a result, only one of the equations will be precisely
satis ed, while the second one will be approximately satis ed.

Considering an orthonormal right handed triad of vectorsfvg in the reference frame and a corre-
sponding fwg in the body frame, then:

A = [wiwaws][vivavs]®=  wiv? (2.43)

fvg and fwg are obtained through the normalised unit vectors:
vi=r1 Va=ryx=(r1 r2)=(j(ra r2) va=r1 Iy (2.44)
wi=b wy=hb=(n k)b b)) ws=b b (2.45)

From its de nition, A is obtained as:

Aviag = bird+ (b B)(r1  re)%+ byery (2.46)

It must be considered the case where the reference frames or the observed vectors are parallel or
anti-parallel, because the Attitude matrix is unde ned for those cases.
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2.7 Disturbances

In this section there are collected the models of external disturbances used in the simulator, com-
prehensive of an explanation of how the models were implemented and which hypothesis have been
considered.

2.7.1 Gravity Gradient

The gravity-gradient torque is caused by Earth's gravity force which decreases quadratically with
distance from the Earth's center. In fact, the gravitational force on a mass further from the Earth

is smaller than the force on a mass that is closer. This di erence of gravity force causes a torque
on the spacecratft.

In particular, 4 assumptions were made:

~ Only one celestial primary body is considered;
" Celestial body possesses a spherical symmetrical mass distribution;
" The spacecraft is small compared to its distance from the mass center;

The spacecraft is a single body.

After these assumptions it is possible to obtain the disturbance torque caused by the gravity
gradient:

(Izz  1yy)
T=3124 (I,, Ixx) 5 (2.47)
(I yy)r?

Where this resulting torque is in body frame and! is the orbital angular velocity.
In the simulator, the considered Chaser has a cubic shape which leads to low di erences between
each moment of inertia and, as a consequence, very low torque.

i msa
resulting torque

Ysmaller gravitational force

my

larger gravitational foree

M

primary

Figure 2.6: Gravity gradient model [3]

2.7.2 Atmospheric Drag

Atmospheric drag is caused by the residual atmosphere in low Earth orbit, where the density of
the air is much lower than on the ground and continuum model of uid mechanics does not apply.
Therefore, the interaction is considered to be on a molecular level.

To model the athmospheric drag, four assumptions were made:
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" The momentum of molecules arriving at the surface of the spacecraft is completely lost to
the surface;

" The thermal motion of the atmosphere is much smaller than the spacecraft speed;
" The spacecraft is nominally non-spinning.

Between a range that varies from 400-600 Km it is acceptable to consider a drag coe cientCy,
equal to 2.2 as it has uncertainties lower than the ones on density and temperature.
The disturbance force is calculated as:

F= évzscd (2.48)

was obtained from JB-2006 model of atmospheric density based on altitude:

1076

107

solar maximum
/

density (kg/m3)
3

10-12 /F10.7:225
R F10.7 =175
10-13 solar minimum
10714 F10.7 = 125
10728 F107=75""
10-18
100 200 300 400 500 600 700 800 900 1000
altitude (km)
Figure 2.7: JB-2006 model [3]
2.7.3 J2 eect
It is possible to write a model for Earth potential energy:
R R n . R m
Ep= — 1 Jn —— Pa(sin()) Jnm P sin( ) cosn( - m))
n=2 n=2 m=2
(2.49)
where P, are the Legendre polynomials de ned as:
Pn(x) = Y 2.50
()= g ] (2.50)
m dm
PrOg=( D™ X7 L [Pa(x)] (251)

and J,., are harmonic terms.

J2 is the rst of these terms and it is the most in uential one, so it will be the only one
considered in this thesis. Moreover, the e ect will only be considered as a disturbance force and
not as a disturbance torque.

It is possible to de ne the force applied to the Chaser by this e ect as:

o 3
1 3sir(i)sin( )
42 sir?(i) sin( ) cos( )2
2sin(i)cos(i)sin( )

3, R?2

F. = M5

2
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where i is the orbit inclination, is the true anomaly, r is the radius of the orbit (considered
circular), R is the mean radius of the Earth andJ, = 1;08263 10 3.

2.7.4 Magnetic torque

The disturbance related to the magnetic eld of the Earth acts purely as a torque and it is caused by
the interaction of the residual dipole of the S/C with Earth's magnetic eld. Usually it is considered
constant, but more accurate models can be used, in fact, in this discussion, the International
Geomagnetic Reference Field IGRF-13 is considered.
The torque can be written as:

Tm=M B (2.52)

where M is the residual dipole of the satellite andB is the magnetic eld.

2.7.5 Solar radiation

The disturbance related to solar radiation can be considered both as a disturbance force (secondary
e ect) and as a disturbance torque, which is the primary e ect. In particular, the force module
can be written as:

Fs =1+ K)PsS (2.53)

where S is the frontal area of the S/C that is exposed to the Sun,K is the re ectivity index ( K =1
in sunlight, K = 0 in eclipse) andPs = s, with Is = 1367W=m? and c = 3 10° m=s speed of
light, is the solar pressure constant.

In this thesis, the force direction is the line between the Sun and the satellite (later referred to
as Sun vector) and its pointing points away from the Sun. The torque can be found as:

Ts=rs Fg (2.54)
wherer g is the distance between the Center of Mass of the satellite and its optical center of pressure.

In addition, in this thesis the in uence of Earth's albedo is going to be considered [18] [4].
Albedo is the fraction of sunlight being di usely re ected from a surface and, in particular, Earth
re ects approximately 32% of the radiation coming from the Sun. This value is a mean value,
because albedo largely varies with the current latitude of the satellite as shown in gure 2.8.

Reflectivity [%]
5 8 8
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Figure 2.8: Albedo dependency on latitude [4]
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A simple model in which: Is,,.,, =0:32 Is, the force direction is the line between the Chaser
CoM and the center of the Earth and its pointing is from the Earth to the Chaser is implemented
in the simulator.

m

Satellite
surface

Figure 2.9: Force vector due to the albedo [4]

Additionally, the disturbance torque coming from the albedo a ects the satellite only when it
is above the illuminated side. To take into account this phenomenon, a function that, confronting
the sun versor with the orbital velocity versor of the Chaser, determines if the satellite is in eclipse
or in sunlight is implemented.
Moreover, a function that scales the e ect of albedo based on the position in orbit is also imple-
mented. This function outputs 1 when the satellite is above the middle of the sunlight zone and
goes progressively to 0 as it approaches the dark side. The simple model does not take into account
sunset and sunrise zones.
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Figure 2.10: Eclipse and sunlight zones [2]

2.8 Actuators model
2.8.1 Thrusters

Thrusters are the main type of actuators for position control, but they can also be used for attitude
control, since that they are able to provide a torque if mounted with a certain arm in respect to
the Chaser CoM.

For small satellites, thrusters usually are of the electric type, cold gas type or monopropellant ones.
The electric type thrusters (usually ionic thrusters or Hall e ect thrusters) are characterised by
a high speci c impulse, but very low thrusts and are therefore used for station keeping needs or
long, continous, manoeuvers. This type of thrusters have not been implemented in the simulator.
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Figure 2.11: An image of Northrop Grumman's small electric propulsion thruster rst light during
testing at NASA Glenn Research Center's Electric Power and Propulsion Laboratory. Credits:
Northrop Gruman

The cold gas type of thrusters work by emitting gas, usuallyN,, stored in a tank and can
have a thrust of several N, making them unt for precise attitude control. With monopropellant
thrusters (that work by combusting a propellant on a catalytic bed, usually) they are more suitable
for position control, thus this is the type that has been implemented in the simulator.

Figure 2.12: Monopropellant thruster and cold gas thruster [5]

Thruster con guration

To ensure an e ective active control over the satellite position and attitude, the Chaser thruster
con guration consists of 6 thrusters used for position control, mounted on every face of the S/C,
aligned with the CoM to avoid coupling the position and the attitude control and 4 clusters of
smaller thrusters, mounted on the edges of the Chaser to ensure attitude control.
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Figure 2.13: Thrusters cluster con guration [6]
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Figure 2.14: Chaser con guration

Thruster model

To accurately model [3] the thrusters used in the simulator, which are of the monopropellant type, a
Pulse-Width/Pulse-Frequency modulator (PWPF) has been implemented, because these thrusters
cannot function continuously, but they are either on or 0. In fact, once a thruster provides its
maximum thrust Fnax for atime tgo,, the same thruster has to shut down and does not turn on
again for a time  tyff -

Fmax |
Alon :
Atorr
d—>-|

>

Figure 2.15: On-o thruster [3]
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As a consequence, the continuous control signal has to be modulated to obtain a signal that
can be interpreted by the thrusters.
This modulator shows low sensitivity to perturbations and can be tuned for a lot of various appli-
cations.
The main element of the modulator is a Schmitt trigger, used to convert the input signal into an
output that varies only between two values, depending on whether the input exceeds a certain
threshold or is less of a second, lower, threshold. In particular, it is a comparator circuit with
hysteresis separated by a dead band, used to remove noise from the input signal.
In addition, a modulation Iter is added to provide a quasi-linear steady-state response and it is
represented by a rst order low pass lter:

K
s+1

The parameters U, ; Ugss  are calculated using the relations:

Uon = €K+ (2.55)

ton

Uott = Uon  Fmax Kt + Fmax K¢ € (2.56)

2.8.2 Reaction Wheels

In order to point the Chaser and keep it aligned, attitude actuators are required, which are devices
that provide momentum for all three axes. In small satellites, reaction wheels are usually the
most commonly used devices, both for the versatility of positioning within the Chaser and for the

pointing accuracy they achieve.

There are several possible wheel con gurations and, in particular, they can vary the storable
angular momentum. Typical reaction wheel values and three possible con gurations are shown
here:

Torque 10 ° 1N m]
Angular momentum | 10 3  10Nms]
Power 1 100W]
Mass 1 10[kg]

Table 2.1: Reaction wheel typical characteristics for small satellites
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Figure 2.16: Reaction wheels con gurations [3]

Before explaining how the reaction wheel model was implemented, it is necessary to explain the
principle behind the operation of reaction wheels. In fact, reaction wheels exploit the conservation
of angular momentum, which means that when a clockwise rotation on an axis is needed, and
the wheel with the axis of rotation aligned on that axis are set to rotate counterclockwise, the
spacecraft will start to rotate in the desired direction to keep the angular momentum constant.

!

I sateliite satelite. = lRw ! Rw (2.57)

The main problem with inertia wheels is the inability to accelerate the wheel inde nitely, as
they have a limiting speed beyond which they can no longer store angular momentum. It will
therefore be necessary to have actuators that allow the reaction wheels to slow down without
losing their orientation. The application of other actuators, in fact, allows the angular momentum
to be changed by external torques.

2.9 Mating and contact dynamics

The momentum law is used to study the movement of the two spacecrafts, the Chaser and the

Target, after their contact [2].
If atime period t=1t; tgis considered, itis possible to write the relation between the velocity

vector V and the forceF: Z,
1

Fdt=m V (2.58)

to
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If the contact point is not located on the axis connecting the two body centers of mass, the
exchanged angular momentum has to be taken into account:
Z,,
1= (r F)dt (2.59)

to

| is the inertiatensor, ! is the change in angular velocity (it is a vector), r is the distance between
the contact point and the CoM of the Target, V is the change in linear velocity andF is the
exchanged force during the contact.

1
, :
FUf Wy ZI .
| K ToM,
1 non-central
= o impact
-~ _|Fit Vi, -
Gnm, ) T
i
I
central impact
|

Figure 2.17: Basic relations at contact [2]

To further develop the discussion, a 1-D case along the x axis is considered. Furthermore,
the Chaser will be the body "a", the Target the body "b" and the motion after contact will be
indicated with a "c".

For a central impact, it is possible to write that:
Z t
Ma(Va, Va,) = F, dt (2.60)
to
Zy,
Mp(Mo,  Vby) = Fydt (2.61)
to
where V,, is the velocity of body "a" at contact, tg is the time at contact and t1 can be any time
during the impact, i.e. before the two bodies have separated again.
In this discussion, the model dynamics will not be considered and it will be assumed that, once
the two bodies make contact, they will have the same velocityV, = V,, = W, . Please refer to [2]
for the dynamics discussion.

From equations 2.60 and 2.61, considering thal; = Va, = V,,, it can be derived that, since
the force Fy is the same:
Mp(Ve Vi) = Ma(Ve  Va,) (2.62)

from which it is possible to nd the velocity of the two joint bodies after the impact:

mavao + mbvbo

T (2.63)
If the impact is not a central impact, and considering the value ofr to be xed during the time
t, it is possible to write: Z
ty
b ("o, !'p)=Tr Fydt (2.64)

to
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For simplicity, the Target is considered to be stationary, soV,, =0 and ! ,, = 0.
Just after the contact, the bodies have the same velocity,, but, di erently from the central impact
case:

Ve = Va1 = Vb1 +r! by (265)

because the velocity of body "b" is the sum of the translation and the additional translation due
to the induced angular velocity about the CM.
Considering the initial conditions of the Target, it is possible to write:

3
o
S
|
m
x
o
—

(2.66)

I
k=2

1
T
<
o
—

(2.67)
r to

Using 2.60 and 2.65, it is possible to obtain the translational motion of the Target and its angular
motion:

lb My
% |b(ma + mb) r2mamb
r mgmp

| =
"o Vao |b(ma + mb) r2mamb (2'69)

(2.68)
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Chapter 3

Mission scenario description

The mission that the S/C will have to complete, simulates a realistic On-Orbit Servicing mission,

in which the Chaser will have to rendezvous with a Target that can be both cooperative or unco-
operative. For this reason, the Chaser sensor set will include both absolute and relative sensors
that do not rely on the data eventually provided by the Target, such as the relative di erential
GPS.

3.1 Phases of the mission

3.1.1 Sensing phase

At the beginning of the mission, the position of the Target with respect to the Chaser is unknown.
For this reason, the rst part of the simulation is dedicated to nding the Target, in particular,

the Chaser will scan, using its LIiDAR, its surroundings. It will achieve so by rotating around its
Zpody axis, making a full circle and repeating the motion after tilting upwards if the Target has
not been found in the previous circle motion. This attitude manoeuver will be called, from now
on, "sensing".

Since the position of the Chaser relative to the Target can be input by the user, the sensing phase
may be fast or occupy a lot of time depending on where the Target is placed in the simulation.
Consequently, during this phase, the control on position is focused on station-keeping, to give time
for the attitude manoeuver to occur.

A limitation of this phase is that, at the moment, the sensors cannot determine the di erence
between a Target or an obstacle and so will direct the Chaser to the rst entity that has been
found. The main problem is the absence of an algorithm that recognises the cloud of points
given by the sensors and that can understand which object is being found. It was decided not
to implement this algorithm because the focus of this work was on developing the main parts of
Guidance and Control, rather than on the data processing for the sensors.
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Figure 3.1: Sensing phase visualisation

3.1.2 Approach phase

After the initial sensing phase, the approach phase starts. In this phase, the Chaser goes from the
initial position to a holding point along V-bar, located at the desired distance from the Target. The
initial conditions of this phase may vary, hence, the approach is divided into 3 steps, so that the
controller is able to work optimally. In fact, without this division, the error between the desired
position and the actual one could be too large and the controller could not be able to control
the S/C. It was decided to divide the trajectory in three steps, set by default at 7/8 of the initial
conditions and at 3/4 of the initial conditions values. These values can be changed in the simulator
con guration. The choice was made because this work was thought to be used in di erent starting
conditions and, as a result, exibility is one of the main points that directed the project. In fact,
the idea of a exible mission will be treated also further in the thesis.

After reaching the holding point, a number of di erent phases can be carried out. In particular,
this thesis will consider two of them, choosing only one to be developed in detail.
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Figure 3.2: Approach phase visualisation

3.1.3 Mapping phase

A possible next phase would be a mapping phase . During this phase, the Chaser orbits around
the Target in order to obtain images of it, so that the Target's attitude can be reconstructed and
information on the geometry can be obtained.

This can be applied to Targets with docking ports whose geometry has to be reconstructed or Tar-
gets with damaged parts that have to be seen and repaired, but it can also be applied to unknown
non-cooperative Targets, such as asteroids or other small bodies. The goal of this manoeuver is
to keep the camera pointed at the Target during a circular relative motion around it. However, it

is important that this manoeuver must be carried out at a distance which has to be less than the
camera range.

Considering that the radius of the Keep Out Zone (200 m) is greater than the average maximum
camera range, this manoeuver must be performed inside the KOZ and for this reason it needs to
be carried out with great precision.

Furthermore, this trajectory requires for the attitude to have a 360° turn around one axis, so, in
order for the torque budget to be reasonable, it is advisable to carry out a slow manoeuver, such
that non-oversised wheels can operate without incurring into saturation.

Please refer to "Designing and Testing of Guidance Strategies for In-Orbit Servicing and Small
Proximity Operations" [19] for the full phase description and simulation.
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Figure 3.3: Mapping phase visualisation

3.1.4 Docking phase

Figure 3.4: ISS Progress resupply vehicle approaches the International Space Station

In this thesis, a "docking phase" will be considered after the approach phase. In this second phase
the objective is to safely join the two spacecrafts, the Chaser and the Target, together, by per-
forming the docking manoeuver.

The docking port is considered to be placed on the "bottom" of the Target, in the positive R-bar
side, so the approach to the Target will be performed from R-bar.

After reaching the holding point located at 500 m from the Target (more precisely at [-500; 0;
0] m in LVLH frame), two possible manoeuvers will be considered. In the rst case, a classical
docking will be performed, the Chaser will do a y-around quasi-impulsive manoeuver from V-bar
to R-bar, stopping at a holding point situated at about 250 m from the Target in R-bar and will
then perform a nal controlled cone approach.

In the second case, an APF with an innovative formulation such as the obstacle is shaped as the
keep-out zone, will be used as the guidance for the Chaser in the nal approach. The manoeuver
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from the starting point to the holding point is considered to be a classical y-around. A further
scenario in which the APF is used in the approach to the holding point is also considered, to ensure
that the Chaser would not enter inside the KOZ. The KOZ can take di erent shapes, the simplest
of them consists in a sphere with radius 200 m. This boundary, the 200 m of distance, will be
taken as a reference for more complex shapes.

The Chaser will also maintain its LIDAR and camera pointed at the Target, using their signals
to obtain position and attitude data.

The simulation of the docking phase will stop when the Chaser is at 1 meter (this value can be
modi ed) from the Target. After that, the Chaser position and velocity will be used to compute
the exchanged moments and forces between the two spacecrafts after their mating.

V-bar <

1
| Safety cone
l

|
| Rbar |
|

!—.4|| Holding point

| &

Fly-around
Figure 3.5: Docking phase visualisation

3.2 Requirements, hypothesis and limits

During the implementation of the simulator, choices were made in order to make it more suitable
for its main purpose and assumptions were made for certain ranges of its use.

The rst to be taken into account is the use of the Hill's equations, which are only valid for
circular orbits. Moreover, the Target is considered to be at the center of the relative reference
system and the distance between the Target and the Chaser is under 10 km.

Another aspect is the absence of an algorithm that, from a cloud of points generated by the
LiDAR, nds the center of mass of the scanned objects; this part is not the focus of the simulator
and can be added in future to complete the simulating environment. in particular, this a ects the
implementation of the LIDAR, which provides the point cloud and the camera. In both cases, this
simpli cation a ects the attitude, as the output values from these two sensors are used to maintain
pointing.

Furthermore, to obtain information on the position of the Sun, the Julian date was used as a
reference, while for the Magnetic eld it was considered the IGRF-13 (International geomagnetic
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reference eld) as a reference.

In addition, it was considered that the Chaser's attitude does not in uence the external dis-
turbances. This choice was done because the LEO disturbances are almost constant and their
oscillations, in magnitude, will not be considerable with respect to the other forces and torques
used in the simulation.

Another decisive choice on the project was to use data from instruments that had already been
used and tested, and therefore not to exploit excessively innovative and avant-garde technologies
that could make the simulation unrealistic.

1 | The AOCS software shall consider only the close range phase (max range of 1500 metres).
2 | The AOCS software shall be able to properly work on satellite between 50-150 kg (small satellite).
3 | The AOCS software shall be able to calculate Real-time on-board trajectory guidance
and control and Real-time on-board relative position estimation and control.
4 | The AOCS software shall be adaptable to di erent kind of system architecture in the weight
range considered.
5 | The AOCS shall be able to respect the requirements of a rendez-vous trajectory:
Lateral alignment: 0.2 m;
Lateral velocity: 0.05 m/s;
Angular misalignment: 5 deg;
Angular rate: 0.25 deg/s;
Approach velocity: 0.3 m/s.
6 | The AOCS shall be able to autonomously detect non cooperative external objects (spacecraft/debris).
7 | The AOCS software shall integrate both inertial and relative dynamics.
8 | The Optical Navigation (camera) shall provide at least an image every 1 second(s)
9 | The AOCS shall be able to maintain the S/C inside the Safe Cone during the Final Approach
phase: 5 of half-cone angle.
10 | The AOCS shall be able to maintain stationkeeping in a range of 10 meters.
11 | The frequencies of the simulation shall be equal to 1 Hz for guidance, 100Hz for dynamics
and 50 Hz for control. While for sensors they shall be equal to the real component (see tablé}

Table 3.1: Requirements

Once the phases of the simulation to be developed were set, it was possible to work out what
requirements were needed. In particular, the most signi cant requirements are found during the
docking phase, or in any case when in the vicinity of the KOZ. However, it is worth considering
that the requirements imposed are not only limited to those imposed by regulations, but, in fact,
some requirements derive from the need to combine this simulator with an arti cial intelligence
environment.

1wigbert Fehse. Automated Rendezvous and Docking of Spacecraft. Cambridge University Press, 2003.
2See tables of sensors frequency in "Navigation Chapter/Sensors"
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Therefore, the requirements imposed by the standards will be collected in a table and explained
later.

First, this simulator was not built to have a xed hardware, and therefore it was required to
implement enough sensors to cover various possible mission scenarios, while also making sure that
the simulator would work in the absence of one, or more, of them. As a consequence the simula-
tion shall consider absolute (GPS, Magnetometer, Sun sensor, Earth Horizon Sensor, IMU, Star
Tracker) and relative sensors (LIDAR, Camera).

Furthermore, it should be pointed out that no requests were made on the optimisation of fuel
consumption and manoeuver times, as this is the purpose of the later stages of this thesis project.
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Chapter 4

Guidance, Navigation and Control

In this chapter, the main guidance, navigation and control algorithms and strategies used in the
simulator will be presented.

4.1 Guidance
4.1.1 Classical docking

As previously stated, this will be done in two di erent ways, the rst of which uses a classical
manoeuver, composed by a y-around and a controlled cone approach.

Fly-around

The y around consists of a quasi-impulsive manoeuver from V-bar to R-bar and it will be used
to reach a holding point in R-bar before entering the safety cone used for the nal approach.
The starting conditions of the manoeuver greatly depends on the desired nal position, in fact, the
maximum amplitude of the manoeuver is:

z2= =V, (4.1)

2
X = T Vg, (4.2)
These equations can be rearranged to show that:
1
= = 4.3
z=3 X (4.3)
and also that:
V,y =1z (4.4)

where! is the orbital angular velocity.
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Figure 4.1: Fly-around manoeuver by radial impulse

The manoeuver starts with a radial impulse towards +R-bar and it ends by giving a second
impulse to stop the motion in the -V-bar direction.
To stop the motion of the spacecraft, the required impulse is:

J Wi=2] Vzj (4.5)
The total V required is Vigtar =] Vz,j+t ] Wi=3 V.

After the motion has been stopped, the Chaser will start a station keeping manoeuver at the
holding point. If this does not occur, the Chaser will start to describe the motion shown in gure

4.2.
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Figure 4.2: Fly-around manoeuver by radial impulse

Cone approach

The manoeuver performed in this stage of the docking phase, is a closed loop, controlled, straight
line trajectory. While the trajectory should follow a perfect straight line to ensure safety, due to
disturbances and the fact that the station keeping at the holding point is not perfect (meaning
that the initial condition of the cone approach is not exactly [0; 0; 250] m in LVLH frame and that
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the linear velocities are not zero), the trajectory of the Chaser could deviate from the perfect one.

To ensure safety, a cone-shaped approach corridor has to be de ned, within which the approach
trajectory has to remain. The cone is considered to have its origin on the docking port of the Target
and usually has a half cone angle of 10-15 deg. In this application, the half-cone angle is set to be
5 degrees, to show how precise the method can be.

Moreover, other e ects have to be taken into account, such as plume impingement, that is, the
e ect of the gas coming out of the thrusters that can damage or disturb the Target motion. To
accommodate for this problem and minimise the e ects, it was decided that the nal velocity of
the Chaser needed for docking had to be achieved at 1 m from the docking port. Therefore, the
nal conditions of the manoeuver are [0; 0; 1] m in LVLH frame. Additionally, the nal velocity
to ensure capture is [0; 0; -0.1] m/s, in LVLH frame.

target
instantaneous
attitude

of _ _
=T instantaneous
axis

V-bar |targ approach trajectory

R-bar

Figure 4.3: Cone-shaped approach corridor

Lastly, unlike gure 4.3, the instantaneous docking axis is considered to be the R-bar axis,
meaning that the Target body frame is coincident with the LVLH frame and that the cone is
"downwards".

A robust manoeuver that consents docking from di erent angles has been implemented in [19],
using the same base simulator, in fact traces of it may be found in the proposed simulator.

4.1.2 Atrti cial Potential Field (APF)

In the simulator, a classical Arti cial Potential Field method is used for the position guidance
algorithm. The algorithm provides a desired velocity, both in magnitude and direction.

The Arti cial Potential Field method represents one of the least computationally complex guid-
ance method for path planning, at the cost of having low fuel e ciency.
The main idea is to model the environment as attractive and repulsive forces for the Chaser,
namely, the Target will be considered attractive and the obstacles will be considered repulsive.

Attractive potential function

The attractive eld can be modeled as:
U, = %Kake(x)kz (4.6)

wheree(x) = Xgoa X and K; is an attractive constant.
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Figure 4.4. Example of an attractive potential eld

Repulsive potential function
The repulsive eld, for a convex obstacle, is modeled as:

Ky 1 4.7)

1
U = =
' 2 X 0

where ¢ = Rgps + toll, the dimension of the obstacle plus a certain tolerance to ensure safety and
x = KX Xogpska. K is a repulsive constant and it is usually much greater thanK ;.
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Figure 4.5: Example of a repulsive potential eld

Total potential eld

The APF method gives, as output, a desired velocity and it follows the following steps. First of
all, the total potential eld is computed as:

LJto[ = LJa + LJr (zl.Eg)
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Figure 4.6: Example of the total potential eld

Desired velocity

To compute the desired velocity, the gradient is calculated to obtain:
Fiot = I Ut (4.9)

This can be done either numerically or analytically (for this particular formulation), obtaining:

@by _ 2X 2 X

@X B (X2+ Y2+ 22)2 70(p—X2+ Y2z 22)3 (4.10)
@y _ 2Y 2 Y
@Y (X2+ Y2+ Z2)2 70(“)(2+ YZ+ 72)3 (4.11)
QW _ 27 2 z
@z (X2+vi+z? o (PXzivirzoe (4.12)

whereX = X Xopss Y =Y VYobss Z = Z  Zops.
It is now possible to compute the versor, that represents the most promising direction of local
motion to reach the goal:

_ Ftot
EU = Fuk (4.13)
and nally, the desired velocity can be obtained as:
Vdes = Vmax EU (4.14)

where Vnax is the maximum velocity and it usually is constant.

The main issue with APF method using the presented formulation is the fact that there may
be some local minima of the potential eld, which have to be avoided. This can be done with other
formulations, a careful tuning of the APF parameters, or by using a function that detects local
minima and avoids them.

4.1.3 Innovative Arti cial Potential Field guidance

Autonomous, robust rendezvous and proximity operations (RPOs) are one of the main critical tech-
nologies needed in future space missions. In this context, the APF method is one of the proposed
guidance algorithm that could satisfy these needs, thanks to its low computational complexity and
the possibility to be used as an on-board guidance algorithm by autonomous satellites.
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Obstacle

The proposed APF guidance algorithm, will use a keep-out zone shaped obstacle, to ensure that
the Chaser do not come too close to the Target.

An example of keep-out zone can be seen in gure 4.7. The keep-out zone, usually, is a sphere of
200 m radius where the Chaser must not enter, except for the safety corridors (or cones).

Approach Ellipsald

keap-out zone

ol o
#V-bar 1015 degr. A

approach corridors
Approach Ellipsold
Keep-Out Zone

Figure 4.7: ISS keep-out zone

To model the keep-out zone, a cardioid function consisting of three semi ellipses anchored to
the Target CoM is used to form the obstacle constraints [20]. The cardioid function is expressed
as:

2a, % cos .
if 2 [0; 5
B cog + ajsin® [0:2)
2a,1% cos .
f 2[5
Bcog + ajsin? I [z: )
d= 2ahs ; A (4.15)
4 V7
BB co@ +4ajsin?
2310 it 203:2)

g
~ §cog +4a3sin?

where is the angle between the -Y axis (according to gure 4.6) and a point along the obstacle
constraint; a;, by are the respective semi-major and semi-minor axis of the semi-ellipse de ned
in the region [0; 5); a2, by are the respective semi-major and semi-minor axis of the semi-ellipse
de ned in the region [5; ); and by is the semi-minor axis of the semi-ellipse de ned in the region

[;2).

38



be

Figure 4.8: Cardioid obstacle geometry

Attractive potential function
The attractive potential is de ned as a quadratic function:

K K
a=— i(xc Xt)TQa(Xc Xt) = TarIanrcf (4.16)

2
whereK , is a real positive number,Q, 2 R® 3 is a symmetric, positive de nite, attractive potential
shaping matrix and r¢¢ = Xc Xt is the relative di erence between the Chaser position (¢) and
the desired position (t).

Repulsive potential function

The repulsive potential is represented using a Gaussian function:

)(\l r-(I;—OiNirCOi

= e | (4.17)

wherere, = X¢ X is the relative position of the Chaser with respect to the center point of
the i™" obstacle, ; and ; are the width and height parameters of the obstacle andN; 2 R® 3 is
a positive de nite shaping matrix for the repulsive potential.
If N; is the identity matrix, the obstacle has a circular shape.
In the case study, no additional obstacles were considered.

Keep-out zone constraint potential function

The keep-out zone potential function, which is centered in the Target, is:

_ K, T Qurer
°T 2 diLPua 1 (449

where K, is a real positive number, Q, 2 R® 3 and P, 2 R® 2 are positive-de nite shaping
matrices, respectively the "height" and the "width" of the potential function, rg¢ = Xc  X¢ is
the relative di erence between the Chaser position (c) and the desired position (t) and, lastly,
reb = X¢  Xp is the relative position of the Chaser with respect to the Target boundary constraint.
rep Ccan be expressed as i

rep=d G 4.19

cb ( )krct k2 ct ( )
whererg = X¢  X; is the relative di erence in position between the Chaser and the Target and
d( ) is the function de ned in 4.1.3.
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Total potential eld

The total potential eld can be expressed as:

X
ot = at bt r (4.20)

4.1.4 Current limitations

The current formulation was derived and explained in [21] and [20] and it was developed for a 2D
case, hence, the APF, in this thesis, is only de ned in the X-Z plane (V-bar and R-bar) and in the
Y-Z plane (H-bar and R-Bar).

Moreover, the cardioid is de ned with the aperture along the -X direction, so it is necessary to
rotate the potential eld for the case study. While this was possible, as it is going to be shown in
section 5.3.2, the potential was only rotated so to have the aperture along +R-bar and di erent
rotations were not tested, although theoretically possible.

Lastly, it is also possible to formulate another function to de ne the keep-out zone constraint, so
to have a 3D keep-out zone shaped obstacle.
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4.2 Navigation

In this chapter, an overview of the the navigation sensors used in the simulator will be presented.

4.2.1 Sensors
GPS

The GPS sensor is a type of absolute sensor which is able to receive the signals coming from the
Global Positioning System, or its equivalents (GALILEO, GLONASS, Beidou etc.), to determine
the S/C position and velocity.

While in some rendezvous scenarios where the relative position and velocity is needed, a slightly
di erent type of GPS receiver is used, namely the Di erential GPS or the Relative GPS, in the sim-
ulator a classical GPS receiver is modeled, giving the position and velocity in ECI frame as output.

Figure 4.9: GPS (left) and GLONASS (right) satellites in orbit [2]

In general, GPS receivers come in a great variety of speci cations and characteristics. Here
is an example of a sensor that can be found on the market for small satellites, with its main
characteristics.

Figure 4.10: ACC-GPS-NANO-DR Dual Redundant GPS SBAS Receiver [5]

In the simulator, two di erent models are implemented.
In the rst one, which is not actually used, but is functioning correctly, the GPS receiver is modeled
with the Simulink block "GPS" of the "UAV Toolbox" library. This block outputs noise-corrupted
GPS measurement based on the position and velocity signal coming from the simulator plant,
which are rotated from the LVLH frame to the ECI frame and then to the NED one (the required
input has to be either in NED or ENU).
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Mass < 45

GPS position accuracy| 1m

GPS velocity accuracy | 0:27%
Update rate 1Hz

Table 4.1: ACC-GPS-NANO-DR Dual Redundant GPS SBAS Receiver characteristics

The block can output the S/C longitude, latitude and altitude, its velocity, its groundspeed and
course.

These signals, in order for them to be used, have then to be rotated again. To avoid these
transformations and because only the position and velocity signals are used, a second model was
implemented. In this model a random noise is added to the three components of the position and
velocity, both in ECI frame.

IMU

The Inertial Measurement Unit is used to determine the S/C linear accelerations and angular veloc-
ities. It is composed of di erent mechanisms, usually three or more accelerometers and gyroscopes,
one for each axis and more for redundancy.

Figure 4.11: Apollo Inertial Meausrement Unit

The model implemented in the simulator relies on the "Three-axis Inertial Measurement Unit"
block of the "Aerospace Blockset" library. This block models both accelerometers and gyroscopes
and it requires, as inputs, the accelerations in body frame, the angular rates and accelerations,
gravity as a three element vector and the location of the satellite CG.

The block outputs the measured accelerations and angular rates, both a ected by noise.

Earth Horizon Sensor

The Earth Horizon Sensor is a type of sensor capable of providing the attitude of the spacecraft it
is mounted on. In general, two types of Earth horizon sensors exists: a scanning horizon type and
a static infrared Earth sensor.

The rst one has good accuracy (usually less than0:1deg), but it is more complex and less
reliable, because it has some rotating parts. It works by scanning Earth using at least two sensors,
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mounted in opposite directions along the body axis containing the angles that need to be deter-
mined. For example, to determine the pitch angles, the sensors are mounted so that the scan axis
lies in the plane containing the S/C pitch and yaw axes. The sensor is then able to compare the
signal from its receiver (Earth radiance) with a reference pulse, in order to determine the attitude.

Instantaneous
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Figure 4.12: Scanning Earth horizon sensor [7]

The second type is usually used for satellites in GEO, because the Earth has to be inside the
sensor FOV and it works by detecting the hot/cold boundary between the Earth, which is "warm",
and the deep space, which is "cold". This type of sensor has high performance, up to an accuracy
of 0:03deg but it is quite expensive and complex. In addition, the sun and the moon can interfere
with the measurement and it can only measure two angles (like the rst type).
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Figure 4.13: Static Infra Red Earth horizon sensor [8]

In the simulator, a simple model has been implemented, by adding a random noise to the
measurement of the Euler angles.

Star tracker

The star tracker is a type of absolute sensor used when high accuracy has to be achieved. They
consist of a camera capable of capturing images of the space around the satellite and, by confronting

INASA Space Vehicle Design Criteria - Spacecraft Earth Horizon Sensors, December 1969
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the images with a catalogue of known stars (Hipparcos catalogue), they can provide the attitude
of the spacecraft.

Figure 4.14: Star tracker main components [8]

The main downside of this type of sensor is the fact that the S/C has to be stabilised for it to
work correctly and the fact that they are expensive, massive compared to others and that require
a lot of memory and data processing.

To model the star tracker in the simulator, a noise quaternion has been "quaternion multiplied"
to the exact quaternion, using the formula:

Operturbed = Qnoise g (4.21)

where (noise IS @ quaternion de ned as[1;a; b; c] where a, b and ¢ are three random numbers.

Magnetometer

Magnetometers are sensors that are able to measure the direction and size of the Earth's magnetic
eld. This information is useful to calculate the attitude of the spacecraft by confronting the
measured data with the magnetic eld map of the orbit. In fact, to be useful, it is crucial to know
the present position in orbit, in order to evaluate the attitude.

They are lightweight and simple but the accuracy is low compared to other attitude sensors.
Furthermore, the magnetometer output is the unit vector of the magnetic eld and as a consequence
it was used in combination with the sunsensor output in the TRIAD. The magnetometer versor is
considered as the less accurate between the two.

In the following table the values of a common magnetometer for small satellites are presented:

Frequency 5 10Hz]
Relative error 001 01

Nominal temperature | 25 40[C°]

Power < 1W]
Sensitivity 10°[V=T]
Noise 100 10°

Table 4.2: Magnetometer characteristics range
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Figure 4.15: IGRF-13 [9]

In the simulation, a model based on temperature and sensor bias was implemented: the true
versor was obtained from the "International Geomagnetic Reference Field (IGRF-13)" and was
rotated in order to obtain the direction and the size in the body frame of the Chaser.

The model uses this algorithm for each axis to evaluate in the measurements the in uence of
temperature and non-linearity: 2.

Sin =(So+ dS(T  T,))S (4.22)
d= o+ do(T Tn) (4.23)
B=SmwB+ 4+ (4.24)

Where:
" B is the magnetic eld from the IGRF-13;
" Sgn is the true sensitivity due to temperature drift and non-linearity;
d is the true bias due to temperature drift;
is the noise seen by the sensor;
" S, is the true linear sensitivity;
" dS is the true thermal sensitivity drift
o is the true bias;

d , is the true thermal bias drift.
" T is the true ambient temperature;
" Tn is the nominal temperature;

" S is the sensitivity non linear coe cient and depends on

2This model was based on the thesis:" The in uence of uncertainties of attitude sensors on attitude determination
accuracy by linear covariance analysis" by Johan Blomqvist , Cran eld University
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3 The tilde represents the measured value, while the hat represents the estimated and output value
of the sensor, in fact after this rst algorithm, the next step is to obtain the nal estimation by
the magnetometer.

8 =(8 + dS(f Tn) (4.25)
="+ d (T Tn) (4.26)
B=(B 7g)=% (4.27)

Sunsensor

Sunsensors are designed to calculate the direction of the Sun vector withe respect to the body
frame of the spacecraft. They are based on materials that produce electric signal when illuminated
by the Sun radiation. This device is simple, lightweight and reliable but in eclipse they can't give
information about Sun orientation. This navigational device is useful in di erent scenarios: for
attitude control, solar array pointing, gyro updating, and fail-safe recovery.

Furthermore, sunsensors are accurate and for this reason in the TRIAD implementation they are
usually chosen as the primary direction vector as explained in the TRIAD section.

In the following table the values of a commonly used sunsensor for small satellites are presented:

Frequency 1 16MHz]
Accuracy 0:001 1[ded
Nominal temperature 25 40[C°]
Power < 1W]
Sensitivity 2.5 10%[pixel=rad]
Noise 100 1P

Table 4.3: Sunsensor characteristics range

In the simulator, the sunsensor is implemented through a model with the same equations of
the magnetometer model, meaning that the sensor output is dependant of temperature and non-
linearity.

In particular, this model shows great changes in the performance when temperature varies from
the nominal one. As a consequence, accuracy depends a lot on thel from the nominal case.
Furthermore, it's necessary to feed the model with the true versor of the Sun direction. This versor
is obtained trough the Julian Date, in fact, from this date it's possible to know the direction of
the sun with respect to the ECI frame:

Tut1=(JD 2451545536525; (4.28)

deltay ., =280:460 + 36000770 Tyt (4.29)

Troe = Tut1; (4.30)

Msyn = 357:5277233 + 3599905034 T1pg ; (4.312)

eclipic = My +1:914666471 sind(Mgyn ) +0:019994643 sin(2 Mgy ); (4.32)
E =23:439291 0:0130042 T1ps ; (4.33)

SeCl = [COSC( ecliptic ); Sind( ecliptic ) COSC{E); Sind( ecliptic ) Sind(E)]; (4-34)

Where "sind" and "cosd" are the functions sin and cos but with angles expressed in degrees.
After obtaining the Sun vector in ECI frame, it is possible to rotate it in order to obtain the Sun
vector in the Chaser body frame.

3The values used in the simulation can be found in the Appendix.
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Camera

Cameras, in space navigation, are mainly used in those mission phases that require greater preci-
sion in relative measurement, as well as to gather information on the geometry and characteristics
of the observed subject. Furthermore, they can be used for both co-operative and non-cooperative
subjects, and therefore, given the need to have a simulator that adapts to multiple scenarios, it
was decided to implement a camera model that would provide information when the subject was
within the eld of view.

As far as the outputs are concerned, the cameras can detect the range between the Chaser and
the Target, providing position information, but can also provide attitude information through an
image processing process. In this thesis, it was decided to skip this step and output both position
and attitude.

In the following table the values of a commonly used camera for small satellites are presented:

Frequency | > 1[Hz]

Accuracy 0:01]m]
Range < 200jm]

Power 1P[mMW]
Mass 50[g]
FOV 10 70[]

Table 4.4: Camera characteristics range

The camera model was constructed considering a visibility modélthat does not take into ac-
count image processing but provides position and attitude data as a function of visibility with the
Target's facades.

In particular, a visible model was considered when the range is less than the maximum range of
the camera and when the angle formed between the normal to the face and the camera's pointing
versor is less than the FOV. When this condition is reached, then image processing is considered
to be assumed and position and attitude data are fouled in order to obtain typical camera accuracy.

Furthermore, it should be noted that although attitude was provided as an output, it was not
considered in the simulation as the sensors used were able to calculate the relative attitude more
accurately, as the Target is considered xed. In the case in which the Target model changes,
it is possible to input the relative attitude data into an EKF in order to have more accurate
measurements.

Figure 4.16: Face exposed [10]

4"Deep Reinforcement Learning to Enhance Fly-around Guidance for Uncooperative Space Objects Smart Imag-
ing", Andrea Brandonisio 2019-2020, Politecnico di Milano.
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Figure 4.17: Face not exposed [10]

The idea behind the model is to be adaptable both to cooperative Targets with on-board mark-
ers that allow immediate attitude recognition, and to non-cooperative Targets in which an image
processing algorithm can reconstruct the kinematics. As far as this step is concerned, there has
been no in-depth study of the subject, but a later implementation would make the model more
realistic.

LiDAR

The term LiDAR is used to indicate a large variety of sensors that are basically able to measure
distances by illuminating a Target with a laser and analyzing the backscattered radiation. The
basic typology of LIiDAR is given by laser range nders which use a single detector to measure
the distance travelled by a non-steerable laser beam. While these systems are able to compute
exclusively range and LOS of the Target, 3D LIDAR can provide 6-DOF relative information by
acquiring data, e.g. point clouds, within an assigned FOV.

In fact, LIDAR technologies di er widely and can vary in both mode of operation and application,
some can operate for short distances in the order of centimetres, others up to kilometres. For
this reason, it was decided to implement a solution that would allow both the accuracy and the
operating ranges of the sensor to vary. In this way, di erent applications of LiDAR technology can
be simulated.

FOV from [10x10}o[45x45][]
Range 0:3 5000m]
Accuracy 0:001 5]m]
Power 6 75W]
Frequency 1 30Hz]

Mass 3 15kg]

Table 4.5: LiDAR characteristics range

Furthermore, it should be considered that the LIDAR obtains information about the relative
position from the point cloud. With regard to attitude, there are methods that process the variation
of recognised shapes in the cloud to obtain orientation information, but these were not considered in
this thesis as they are imprecise and often experimental, plus they require an "a priori" knowledge
of the Target geometry. In addition, the image processing phase of the point cloud was skipped in
the implementation stages; it was decided to obtain correct information on the center of gravity
when the sensor obtains the point cloud of the object.
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Figure 4.18: LIDAR Point cloud

The implementation in Simulink was realised in two di erent ways. In the rst one, the ideal
position signal is dirtied with noise and random values; however, this model was later discarded.
The second model, instead, uses a set of toSl§rom the Simulink library to generate a LiDAR
platform mounted on the Chaser with user-modi able mounting and speci cations, and with the
dynamics and kinematics updated to match those of the Chaser. In addition, this platform outputs
a point cloud from which the range, in body axes of the LIDAR, can be derived. This range is
then transformed into LVLH coordinates.

Please refer to 9.5 for a gure of the blocks used in the simulator.

4.2.2 Extended Kalman Filters
The extended Kalman lters used in the simulator need:
" A set of inputs;
" A set of external inputs;
~ A set of initial conditions.
Each one of the lters also need:
~ An observation matrix C;
~ A covariance matrix Q;

and a measurement matrixR.

Finally, to carry out the calculations explained in section 2.5, the state function and the Jacobian
matrix are needed.

The values, matrices and functions used for the simulator will be presented in 5.4.

SUAV scenario: Con guration, LiDAR, Motion write and Scope
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4.3 Control

In this chapter, the controllers used in the simulator will be presented. In particular, the Propor-
tional Integrative Derivative controller ( PID ) and Sliding Mode Control (SMC ) will be shown.

431 PID

The Proportional Integrative Derivative controller is used because of its simplicity of implementa-
tion and low computational cost; it is based on a prede ned structure that is designed by appro-
priately selecting values of 3 or more parameters. In e ect, these values represent constants that
weight the derivative, the integral and the present value of the error. The PID controller, in fact,
de nes its output based on these three terms:

" The proportional term: control acting proportional to the error;
" The integral term: control based on the past evolution of the error;

~ The derivative term: control the future evolution of the error.

Figure 4.19: PID scheme

In addition, the chosen implementation in Simulink calculates the proportional constant Kp as the
sum of 2 terms:
Kp=[ J+ 111 (4.35)

Where J is the inertia matrix while | is the identity matrix. In this way, varying alpha and beta
makes it easier to adjust the correct value of the proportional constant.

43.2 SMC

Sliding mode control is a well-established control technique for nonlinear systems capable of guar-
anteeing robustness to inaccuracies related to the knowledge of the system that as to be controlled.
At present, it is not yet used as a control system for proximity phases, so it will only be imple-
mented for the approach phase.

The SMC consists of 2 elements, the rst is the sliding manifold, which is a subset of the space of
states in which the system's trajectory is intended to lie. The second is the feedback control law,
which brings the trajectory closer to the sliding surface and keeps it there. Since the control law
forces the trajectory to cross the surface, the phenomenon of chattering occurs, in which the states
oscillate around the surface.
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Figure 4.20: SMC ideal and real behaviour

The control law is characterised by a discontinuity in the state variable that makes it impossible
to solve the starting equation in a classical sense.

Considering the system :

x(t) = f(x(t); u(t)) (4.36)

and the sliding manifold:
x)=0 (4.37)

If a particular di erential inclusion is substituted for the equation, which allows the concept of
solution to be generalised to the discontinuous case:

x()y=f@0)=f " +(1 )f (4.38)
Where:
f*=f(xu") (4.39)
and
f =f(xu) (4.40)
With: u= u* (x) >0

x)<0
Sliding mode exists if projection off * andf on gradientr  have opposite sign.

The rst order SMC is characterised by the following control output:
u= T sign((v Vges)+ K (POS pPOSyes)) (4.41)

SMC second order

In the simulation, a second order SMC is implemented to control the position. This is characterised
by the following control equation:

u=Tj j%sign( ) sign( ) (4.42)
where = (Vv Vges)+ K(pOs Pposys) and T; ; K are the controller parameters. To reduce
the chattering, the tanh is used instead of thesign function.

4.3.3 Attitude control

The attitude controller is based on a quaternion feedback control, which adjusts the correct pointing
and angular speed based on a PD controller. The same controller is used in both the sensing and
approach phases, which uses the structure of equation 4.35.
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Chapter 5

Simulator implementation

In this chapter, the description of how the simulator has been implemented, is going to be discussed.
In particular, the general simulation framework and les are going to be presented, as well as the
guidance parameters for the various mission phases, the parameters used to model the sensors and
their EKF lters and the parameters used for the controllers in the various mission phases.

In addition, the Chaser and Target architecture will be presented, as well as the parameters used
to implement the Chaser's actuators

5.1 Simulator

It is important to note that two di erent Simulink models have been implemented, one for the
approach phase and one for the docking. The two present some di erences, but the logic is the
same.

MATLAB codes

In particular, two sets of MATLAB codes are needed to perform the simulation, one set for each
Simulink model. The MATLAB scripts needed for the docking phase have the sux " _dock” in
their name, while the ones for the approach phase present no su x.

The following les are needed:

SatelliteSimulator_main: it is needed to launch all of the other les at the right moment
as well as to launch the simulation. It also contains some variables used to switch between
di erent modes in the simulator, such as choosing if to use the ideal attitude or use the
attitude determined by the sensors, for example;

SatelliteSimulator_Actuators: it contains all the data necessary for the orbit and attitude
actuators;

SatelliteSimulator_Chaser: it contains the Chaser information, such as its dimensions, mass
and inertia matrix;

SatelliteSimulator_ChaserControl: it contains the tuning parameters for the position and
attitude controllers;

SatelliteSimulator_ChaserGuidance: it contains the guidance algorithms that are not already
implemented in the Simulink model, such as the APF grid creation or some other parameters;

SatelliteSimulator_Enviroment: it contains information such as the orbital parameters, some
constants (gravity, Earth's mean radius etc.), the atmosphere model and the day of the
simulation;
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SatelliteSimulator_ExternalDisturbances: it contains all the parameters and constants needed
to model the external disturbances;

SatelliteSimulator_InitialConditions: it contains the simulation initial conditions, both of
the Chaser and the Target, such as the Chaser position in the LVLH and ECI frame, its
velocity and similar;

SatelliteSimulator_Navigation: it is not actually needed in the current con guration, but
could be used for the navigation algorithms;

SatelliteSimulator_PostProcessing: it is needed to process the simulation results, generating
graphs and images;

SatelliteSimulator_Sensors: it is needed to launch all of the les relative to the sensors as
well as to contain the frequencies at which every sensor operates;

SatelliteSimulator_Target: it contains the Target information, such as its dimensions and its
model;

Sensors_(Camera, LIDAR, Magnetometer, Sunsensor): these four les contain the parame-
ters and variables needed to model the sensors.
Simulation parameters

The solver used for the simulation is a xed-step size, ode4 (Runge-Kutta).
Here are presented the simulation parameters and notable constants:

Simulation step size 0.01
Guidance Frequency | 1Hz
Control Frequency 50Hz
Dynamics Frequency | 100Hz

Table 5.1: Simulation Parameters

Simulation constants to choose in the main

Constant Ideal Sensors| Real Sensors
"ldeal orbit" -1 1
"Ideal attitude" -1 1

Table 5.2: Simulation constants to change in main to choose if to use the sensors

Constant PID | SMC
"Position Controller choice" 2 0

Table 5.3: Simulation constants to change in main to choose the controller

Simulation constants to choose in the main_dock

Constant Ideal Sensors| Real Sensors
"Ideal orbit" -1 1
"|deal attitude" -1 1

Table 5.4: Simulation constants to change in main_dock to choose if to use the sensors
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Constant Classic manoeuver and| Classic manoeuver and| APF guidance and | APF guidance and
cone approach APF approach KOZ obstacle spherical obstacle

"Docking_mode" 0 1 1 1

"APF_only" 0 0 1 2

Table 5.5: Simulation constants to change in main_dock to choose docking mode

5.2 Simulator description

5.2.1 General architecture

A 6 degrees of freedom simulator with closed-loop feedback control has to model the satellite
dynamics, kinematics and other components needed to simulate the external environment, the
satellite actuators, sensors and AODCS (Attitude and Orbit Determination and Control Systems).

In particular, dynamics and kinematics are called "plant" and represent one of the main compo-
nents of a satellite simulator.

Other components are the GNC, composed by the guidance block, the navigation block, the control
block, the actuators block, the sensors block and the disturbances block.

The Guidance block is needed to determine the desired attitude and position of the S/C. In
general, it takes the sensor's ltered signal coming from the navigation block and outputs the error
between that value and the desired position and attitude.

The Control block (considering a feedback control loop) is needed to reduce and cancel the
error between the current attitude and position and the desired ones. It takes as input the error
and outputs a control force or moment, needed to cancel it.

The actuators block contains the actuators models, needed to simulate an accurate response to
the control forces and moments, passed as inputs. It gives the real forces and moments as an output.

The sensor block contains all the sensors models, while the Navigation block contains the nav-
igation algorithms used to lter the sensors signals.

The Navigation block contains the Extended Kalman Filters used to Iter the sensors signals,
it takes them as inputs and outputs the Itered positions, attitude, angular and linear velocities
and accelerations.

Finally, the disturbances block contains all the disturbances models and it outputs the distur-
bance forces and moments.

Di erences from the general architecture

The simulator that has been implemented follows the same design philosophy of the general one,
but with some modi cations.

First of all, the orbit (position) and attitude guidance, control and plant are in separated blocks.
Moreover, attitude and position are coupled via another block that takes the attitude quaternion,
computes the rotation matrix and passes it as input to the "orbit" block, that contains the position
control, actuators and plant.

The attitude follows the same scheme in which the attitude guidance is separated from the "atti-
tude" block, which contains the attitude control, actuators and plant.

The simulator presents some other peculiarities, such as an orbit propagator, which computes the
Target orbit and is needed to compute the sun vector, the Chaser dynamics in ECI frame and both
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the solar pressure and magnetic eld perturbations and a block that selects which sensors to use
in the various phases of the mission.

Figure 5.1: Simulator Architecture

5.3 Guidance implementation

In this section, the guidance strategies and parameters used in the various phases of the mission are
going to be presented. In particular, The sensing and approach phases guidance will be discussed,
as well as the guidance used in the docking phase.

5.3.1 Sensing and approach phase guidance

The approach phase is the rst of the case study and it consists of two separate stages.

In the rst one, the Chaser satellite will maintain its relative position to the Target, performing a
station keeping at [X vin ;Yivin ;Zuvin 1 =[ 1000; 500;200] ] while scanning its surround-
ings with its LIDAR, in order to locate the Target.

The second stage starts when the Chaser has found the Target and consists in a controlled V-bar
approach in which the S/C approaches the Target by rstly canceling its Y and Z coordinates and
then by closing in to an holding point situated at [X vy ;Yivin ;Zuvn 1= 500;0; O] m].

A secondary R-bar approach has been implemented, but not used in the nal simulation.
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Sensing guidance

The guidance of the sensing phase is divided into position and attitude guidance, but the latter is,
by far, the most important. In fact, the position guidance output is set to be constant and equal
to:

Desired position [ 1000; 500;200]{n]
Desired linear velocity [0; 0; 0] [m=s]

Table 5.6: Position guidance output in the sensing phase

The attitude guidance has to output the correct desired quaternion and angular velocity in
order for the Chaser to scan all of its surroundings. In particular, the Chaser will rotate around
its Znody axis, completing a full circle. At this point, if it has not found the Target yet, it will tilt
upwards (around its Yyqy axis) and will then perform another rotation of 360° around Z. This
process repeats until the Target is found.

The rotations are not continuous, but are in steps, the guidance algorithm provides the new
desired quaternion when the previous desired conditions are met. Please refer to gure 3.1 for a
visualisation of the sensing manoeuver.

Model

The attitude guidance algorithm for the sensing phase implemented in the simulator, consists in a
MATLAB function that has the following inputs :

turn:

this variable is needed to count how many step rotations the Chaser has performed around
its Zpody a@xis. At rstitis set at 2 LIDAR_AzimuthRange and it is increased by the same
amount every time the Chaser quaternion reaches the desired quaternion (with an absolute
error of less than 0.01);

range:
this variable comes from the LiDAR sensor block and it is either equal to O if the Target is
not found or to the distance between the Chaser and the Target;

quat:
it is the current Chaser quaternion;

quat_des:
it is the desired quaternion at the previous simulation step;

" LIDAR_AzimuthRange:
it is the half cone angle of the LIDAR FOV, which is set to 15° for the simulation;

sensing:
this variable is equal to O if the Target has not been found yet and it is equal to 1 otherwise;

maneuver:

this variable comes from the orbit (position) guidance and it is needed to output a constant
desired quaternion when the Target has been found, depending on which phase of the orbital
manoeuver the Chaser is at.

and the following outputs :

turn:
then passed as an input;

" quat_des:
it is the desired quaternion;
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vel_ang_des:
it is the desired angular velocity;

go:

this variable is equal to -1 when the Target is not in the LIDAR FOV and it is equal to 1
otherwise. It is needed to activate the approach phase position guidance. It is also a ag for
other parts of the simulator;

sensing:
this variable is equal to O if the Target has not been found yet and it is equal to 1 otherwise,
it is passed as input. It is also a ag for other parts of the simulator;

Figure 5.2: Attitude guidance model

Approach guidance

After completing the sensing phase, the approach phase for the Chaser begins. The objective of
this phase is to bring the Chaser closer the Target, to a holding point, from which the nal stages
of the mission can subsequently be carried out.

The objective of the guidance will therefore be to reach the holding point in order to then be able
to maintain station keeping at that point.

As already seen in the requirements part, an accuracy of 10 m around the holding point is required
in order to manage station-keeping safely. Secondly, the attitude guidance must allow for sensor
pointing, so as to have better position accuracy and consequently better spacecraft control.

Model

The manoeuver strategy was initially designed to handle both R-bar and V-bar approaches, but
as the project progressed it was decided to retain the negative V-bar approach as it combined
well with the subsequent manoeuvres. Therefore, there is still a variable "manoeuvre" within the

simulator which is no longer used and which allows for either R-bar or V-bar approaches depending
on the initial conditions. The manoeuvre model was realised using 3 di erent sub-groups:

" The rst one evaluates, according to the initial conditions, which steps will be followed during
the approach. In fact the approach along V-bar was divided into 3 steps of x so as to manage
approaches from di erent distances with a greater control and without a dedicated controller.
This rst step also evaluates which of the 3 phases the Chaser is in and consequently outputs
2 variables: the "approach" which would be the desired position in that phase of the approach
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and the variable "signal" which represents a ag assigned to the phase the S/C is in.

In particular, these three phases are evaluated according to the percentage of error with
respect to the desired one, in the rst two phases it is 10%, in the last one 5%, as the
objective is to get closer to the holding point so as to make station-keeping more immediate.
Then the model is divided to obtain the desired position and speed values.

The position is evaluated by a Matlab function that weights the values of the previously
mentioned "go" and "sensing" ags to provide the right values to activate initial station
keeping, nal station keeping and intermediate approach. In addition, this function emits a
second variable called 'ag', which allows the APF to be switched on or o depending on
which phase is considered.

The last subgroup is used to calculate the desired velocity from an attractive APF whose

grid has been pre-calculated on Matlab and is divided into 3 phases in exactly the same way
as and approach phases. In this subgroup, the right grid is chosen using the variable "signal"
and the desired velocity is made to be zero in the station keeping phases.

Finally, as far as position is concerned, the variable "signal” is also used in the PID controller,
as will be seen later, to evaluate the best controller for the phase in which it is located.

Figure 5.3: Guidance scheme

Moreover, it should be considered that this approach manoeuver is designed for nal positions
in the range of [-500 -100] in V-bar, as this is a useful range for subsequent manoeuvers. Using
values less than -500 could compromise the logic of the controller division.

The model for guiding the attitude was realised by simply imposing a xed pointing parallel

to V-bar, as this is su cient to maintain the pointing once the H-bar and R-bar components are
canceled.
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5.3.2 Classical docking
Orbit guidance

The orbit guidance for the classical docking manoeuver di ers from the one used in the sensing and
approach phase and it is here presented. It is composed by various matlab functions, where the
two most important ones are the "Impulsive manoeuver" and the "Controlled manoeuver" ones.

Figure 5.4: Orbit guidance architecture

Impulsive manoeuver

The impulsive manoeuver algorithm for the docking phase gives the desired V necessary for the
classical manoeuver and it consists of a MATLAB function that has the following inputs :

vel_ang_orbital:
it is the orbital angular velocity of the Chaser;

pos:
it is the Chaser position in LVLH frame;

initial_position:
it is the initial position of the Chaser, in LVLH frame;
control:

it is a very important ag coming from the orbit control block, it is "1" when the desired
V has been delivered, "0" otherwise;

cone:
it is the safety cone diameter at the holding point distance, computed asholding_ point,
tan(half _ cone_angle);

holding_point:
it is the holding point, expressed as a vector [X; y; z];
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and the following outputs :

" Delta_V:
it is the desired V, computed as: F = m—\t’ = m! 2. The mass is multiplied after the
output;

ag:
it is a ag needed to choose from di erent stages of the manoeuver. It is "0" when the rst
impulse has to start, "1" when the second impulse has to start, "2" when the nal approach
has to start and "3" otherwise.

Again, it is important to note that, since the controller has to have a force as input, the right

formulation to use isF = m— = m? & and that the mass of the Chaser is multiplied after the

function gives "Delta_V" as an output, as shown in gure 5.4.

Controlled manoeuver

The controlled manoeuver block gives as output the desired position and velocity and it consists
of a MATLAB function that has the following inputs :

" ag:
it is a ag used to activate the controlled manoeuver, switching from the classical docking
manoeuver;

pos:
it is the Chaser position in LVLH frame;

Final_position:
it is the nal position of the Chaser, in LVLH frame;

control:
it is a very important ag coming from the orbit control block, it is "1" when the desired
V has been delivered, "0" otherwise;

nal_vel:
it is the desired nal velocity, needed for mating purposes. It is constant for the classical
cone approach, while it is given by the APF when the APF guidance is used;

holding_point:
it is the holding point, expressed as a vector [x; V; z];

" APF_only:
it is a switching condition.

and the following outputs :

" pos_des:
it is the desired position;

vel_des:
it is the desired velocity.

5.3.3 Innovative Arti cial Potential Field

The implementation of the innovative APF is done in the function called "APF with keep out zone
obstacle", shown in 5.4.
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APF with keep out zone obstacle

Figure 5.5: Scheme of the APF with keep out zone obstacle

This block is the implementation of the APF method using a keep out zone shaped obstacle in the
simulator. It consists of a MATLAB function that has the following inputs :

" 5 geometric parameters:
these area;; ay; by; by; ag as de ned in [20];

pos:
it is the Chaser position in LVLH frame;

Final_position:
it is the nal position of the Chaser, in LVLH frame;

Ky
it is the repulsive constant of the APF, two of them are de ned, one for the approach to the
holding point (Kr) and the other for the cone approach (Kr_ nal);

~ Ka:
it is the attractive constant of the APF, two of them are de ned, one for the approach to the
holding point (Ka) and the other for the cone approach (Ka_ nal);

" Qa:
it is the shaping matrix for the attractive eld of the APF, two of them are de ned, one for
the approach to the holding point (Qa) and the other for the cone approach (Qa_ nal);

" Qp:
it is the shaping matrix for the repulsive eld of the APF, two of them are de ned, one for
the approach to the holding point (Qb) and the other for the cone approach (Qb_ nal);

- Py :
it is the shaping matrix for the repulsive eld of the APF, two of them are de ned, one for
the approach to the holding point (Pb) and the other for the cone approach (Pb_ nal).

and the following outputs :

" fx_a and fx_r:
these two are the X components of the gradient of the attractive and repulsive eld;
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" fz aand fz_r:
these two are the Z components of the gradient of the attractive and repulsive eld;.

Figure 5.6: Scheme of how the function computes the variable "d"

This function creates, on-line, the potential eld at each time step (set to be 1Hz) and calcu-
lates the numerical gradient by deriving the potential eld over a small portion around the current
position. Then it takes the value corresponding to the current position.

The outputs of the function are then summed component by component, so to have a vector
[fx,fy,fz]. The vector is then normalised and multiplied by the magnitude of the constant desired
velocity, so to obtain the desired velocity.

Please refer to gure 5.6 to better understand how the function computes the variable "d".

Following the procedure presented in 9.3.4, another APF guidance was de ned using the Y

component of the position instead of the X component, so to have a second keep-out zone obstacle
de ned in the Y-Z plane.

62



Figure 5.7: Double cardioid visualisation

The innovative APF parameters used in the simulation are here presented:

Qa diag([0.125 0.125le  3)
Qa final diag([0.125 0.125]10)

Ka 0.1
K4 final 1.2

Qp diag([0.0125 0.0125].e6)
Qpfinal diag([0.0125 0.0125p:1)

Py diag([0.1 0.1])
Py final diag([1 1))
K, 150
K, final 1.4

Table 5.7: APF tuning parameters

In addition, the following values were used to de ne the keep-out zone:
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a; 100 m
a, | 100 m
by | 200 m
b | 200 m
b; | 200 m

Table 5.8: Keep-out zone parameters

In this case, bz is the az of gure 4.8, it is but a di erence in notation. The resulting obstacle
can be seen in gure 5.8

Figure 5.8: Obstacle geometry, used in the simulation

5.3.4 Docking attitude guidance

Figure 5.9: Scheme of the attitude guidance

The attitude guidance implemented for the Docking phase is di erent from the previously described
one used in the approach phase. It consists of a MATLAB function that has the followinginputs :

" pos:
it is the Chaser position in LVLH frame;
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theta:

it is the value of the variable "theta" at the previous step. The variable will not be used
in this case study, but it is needed when the di erence between the pointing vector and the
initial pointing is more than 180°;

Initial_attitude Euler
it is the iniital attitude expressed as Euler's angles;

Initial_attitude_Quat
it is the iniital attitude expressed as a quaternion;

Final_attitude Quat
it is the nal attitude expressed as a quaternion;

and the following outputs :

gdes:
it is the desired quaternion;

wdes:
it is the desired angular velocity;

theta it is the value of the di erence between the position vector and the initial pointing
vector.

Figure 5.10: Attitude guidance algorithm

The attitude guidance function ensures that the Chaser is constantly pointing towards the
Target, that is, its sensors are always illuminating the Target.
This is achieved by calculating a "pointing vector" and the by calculating the angle between that
and a reference "initial pointing". The chaser then rotates of this angle, theta, as it can be seen
in gure 5.10.
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5.4 Navigation implementation

In this section, the sensors' parameters and models used for the sensors' implementation and their
Extended Kalman Filters are presented.

5.4.1 Sensors implementation
GPS implementation parameters

The following values have been used for the sensor modeling, according to the models presented
in 4.2.1:

Random Source block minimum (both) 0:008

Random Source block maximum (both) 0:008

Band-Limited White Noise noise power (velocity) 0:001

Band-Limited White Noise noise power (position) 0:5
Band-Limited White Noise seed (both) Random
Update frequency 1Hz

Table 5.9: Simulator GPS characteristics

These values give an error of aboub:3m=s in velocity and about 8 m in position, as shown in
5.11 and 5.12.

Figure 5.11: GPS position error
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Figure 5.12: GPS velocity error

IMU implementation parameters

The following values have been used for the sensor modeling, according to the models presented
in 4.2.1:

Noise power 10 ©®
Noise seed Random
Update frequency | 100Hz

Table 5.10: Simulator IMU characteristics

Every other parameter in the block was set to the default conditions.
These parameters were chosen as to have an IMU accuracy, especially for the angular rates, of
about 10 ® deg=sand 10 ® m=s, typical of the sensors currently in use.
It is also important to note that the IMU model considers gravity acceleration, which has to be
subtracted when operating in the relative LVLH frame to obtain accurate outputs.
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Figure 5.13: IMU acceleration error[m=s?]

Figure 5.14: IMU angular velocity error [deg=$

Earth horizon sensor implementation parameters

The following values have been used for the sensor modeling, according to the models presented

in 4.2.1:
These parameters gives an absolute error of abou?:05 0:1degon the and angles. Due

to the characteristics of the sensor, no information on the third angle can be determined.
The absolute error of the sensor is presented.
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Noise power 510°
Noise seed Random
Update frequency 2Hz

Table 5.11: Simulator Earth Horizon Sensor characteristics

Figure 5.15: Earth Horizon Sensor error[deq|

Star tracker implementation parameters

To model the star tracker, according to the model presented in 4.2.1, the noise quaternion vectorial
components were chosen ot be three values of mean equal @and variance 10 °.

To adjust the sensor noise and obtain the correct value, the three have then been multiplied by
%, so that the quaternion error has a magnitude of10 “.

The sensor has an update rate o2Hz.

Figure 5.16: Star tracker error (vectorial components of the quaternion error between the perturbed
guaternion and the exact quaternion)
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Magnetometer implementation parameters

The parameters used to model the magnetometer, according to the model presented in 4.2.1, are
shown in the appendix, in gure 9.1.

To verify the model's accuracy, the estimated value of8 in body frame is compared to the true
magnetic eld, obtaining:

Figure 5.17: Magnetometer's error [T]

Figure 5.18: Magnetometer's relative error.

Sunsensor implementation parameters

The parameters used to model the sunsensor, according to the model presented in 4.2.1, are shown
in the appendix, in gure 9.2.
The absolute error of the sensor is presented.
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Figure 5.19: Sunsensor nominal case absolute error

Figure 5.20: Sunsensor non nominal case absolute error

Camera implementation parameters

The general camera model is presented in 4.2.1. In particular, the camera was considered to be
positioned in the docking facade, but the implementation allows both angles and mounting position
to be varied. The FOV, which was considered equal to the lowest value found (D in literature.

The absolute error of the sensor is presented.
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Figure 5.21: Camera position absolute error

LiDAR implementation parameters

The following values have been used for the sensor modeling, according to the models presented
in 4.2.1: Finally, the accuracy of the implemented LiDAR is presented in gure 5.22;

FOV [30x30][]
Max Range | 2000pm]
Accuracy 0:02]m]

Frequency 1Hz]
Resolution 0:05[7]

Table 5.12: LIDAR implemented characteristics

Figure 5.22: Position Accuracy

In particular, in this con guration, the error is computed between the range of the rst point
that is found and the ideal position of the C.G of the Target.
For this reason, due to the geometry of the Target [a cube of about Im 1m 1m] and the
mounting location of the LiDAR [0.5,0,0], there is almost a di erence of (0.5 m + 0,5 m) for the

72



x body direction and around 0.5 for the other directions. As a result, in this simulation where
the Chaser is pointing the Target from the R-bar, the error in z is augmented of around 1 m and
around 0.5 in V-bar and H-bar. The oscillations due to the error of the sensors can be seen in the
range of 0.2 m.

5.4.2 EKF and Data fusion

Multiple EKF were used in the simulator, both to Iter position and attitude data.
In particular, three di erent Iters were used to obtain position data:

~ An EKF for GPS data;
~ An EKF for LIiDAR data;
~ An EKF for camera data.

In addition, an EKF for the acceleration and velocity coming from the IMU was implemented, but
was not used in the simulation.

Moreover, four EKFs were used to lter the attitude data:
~ An EKF for star tracker data;
An EKF for Earth Horizon Sensor data;

An EKF to Iter and fuse the data coming from all the attitude sensors and the IMU using
Euler's kinematics;

An EKF to Iter and fuse the data coming from all the attitude sensors and the IMU using
guaternion kinematics.

In particular, only the latter, using quaternion kinematics, was used during the simulation.

Every Extended Kalman Filter implemented in the simulator requires a set of measurements as
inputs, the states initial conditions, the external inputs needed for the state propagation (such as
forces and moments), the frequency at which the lter operates, the simulation sample time and,
nally, the simulation time.

EKF GPS

" Input : position and velocity measurement in ECI frame based on GPS;
" External inputs : Forces divided by mass in ECI frame;

Initial conditions : Initial positions and velocities in ECI frame;

3
0
1

~ Observation Matrix C

HOOOCOOD) N
[ecNeoNoNoNoN
cNel T NeolNoNel

[cNeoNoNol Nel
OO Omr oo
O, OO0OO0OO0o

~ Covariance Matrix Q
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HOOCOOCOD) N

" Measurement Matrix R

2
1
Where 10 © is the order of magnitude of the relative error.

State function
To obtain the state function, the two body equation was considered:

F
F= —+ — 51
a2t (5.1)
P _ . . . .
wherer = x2+ y2+ 72 F is the external force, is the gravitational parameter and m is
the Chaser mass. .
H _ Nt T vt gt — . . . . . —_r1 Fx - Fa1—
Using the state vector X = [x!y,z,&sz = [ X1 X2; X3, X4, X5, Xel and u = [ 25 25 22] =
[ug; uz;ug] it is possible to write:

2

X4
2., 3
x—1 X5
X2 X6

X
X3 5 1 5+ U

= XZ+ X3+ X2 (5.2)
X4 X 5
S ——

Xs X§+ X5+ X3

X
*o p—3 3t Us

X2+ X2+ X2

. . P
" Jacobian : if r = X2+ X2+ X2
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0 0 0 0 1
0 0 0 00
()% 3x2r 3 X5 X3 3 X3 Xy 0 0
G G N
3 X2 X4 (rz)% 3X3r 3 X2 X3 0 0
W (r?)s (r2)5=2
3 X3 X1 3 X» X3 (r3)% 3x2r 00 0

" Results : it is possible to note that the absolute error, while still being in the same order of
magnitude, is lower than the error before Itering.

Figure 5.23: GPS position absolute error after EKF Itering [m]
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EKF LIDAR

" Input Position measurement in LVLH based on LIDAR;
" External inputs : Forces divided by mass in LVLH frame;
~ Initial conditions : Initial positions and velocities in LVLH frame; orbital angular velocity;

Observation Matrix C

2 3
1 000 0O
40 1 0 0 0 ®
0O 01 00O
" Covariance Matrix Q
2 3
10 8 0 0 0 0 0
0 10 8 0 0 0 0
0 0 108 0 0 0
0 0 0 108 0 0
0 0 0 0 108 0
0 0 0 0 0 108
" Measurement Matrix R
3
0:012 0 0
4 0 001 05
0 0 0012
Where 10 2 is the relative measurement error.
© State function : Starting from the Hill's equations:
x 2z= iF (5.3)
- = mc X .
y 1%y= _F (5.4
me 7 '
1
z+2!x 312%z= —F, (5.5)
me

(5.6)

and de ning the state vector X =[x;y;z;X;¥;2] = [X1;X2; X3; X4; Xs5; Xglandu = [fn—X; fn—y; fn—Z] =

[ug; us;ug] it is possible to write:

2,3 2

x—1 X4

x—2 X5

X3 X6

- (5.7)

Xa 2'X 6+ U

X5 !2X2+ Uo

Xs 21X 4+3!2X3+ us

~ Jacobian :
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2 3
0O O 0 1 0 O
0O O 0 0 1 O
0 O 0 0 0 1
0 O 0 0O 0 2
0o !'2 0 0O 0 O
0O 0 32 200 O
" Result
Figure 5.24: LIDAR position absolute error after EKF ltering [m]
EKF Camera

" Input : Position measurement in LVLH frame based on camera;
" External inputs : Forces divided by mass in LVLH frame;
" Initial conditions : Initial positions and velocities in LVLH frame; orbital angular velocity;

Observation Matrix C

2 3
100000
40 1 0 0 0 @
001000

~ Covariance Matrix Q

OOOOOO

~ Measurement Matrix R



Where 10 2 is the relative measurement error.

~ State function : Starting from the Hill's equations:

1
| = —
x 2z me Fx (5.8)
y |2y: iF (5.9)
me 7 '
z+21x 312%z= iFZ (5.10)
Mc

(5.11)

and de ning the state vector X = [X;y;2;X; ¥;2] = [ X1; X 2; X3; X4; X5; Xg]andu = [ =, %v; F]=

[ug;uz;uz] it is possible to write:

2,3 2 3
X—l X4
X2 X5
X3 Xs
= (5.12)
X4 21X g+ Uy
X5 ! 2X2 + U2
Xe 2!'X 4+3!2X3+ Us
~ Jacobian :
2 3
0 0 0 1 0O O
0 0 0 0 1 O
0 0 0 0 0 1
0 0 0 0 0o 2
0 12 0 0 0 O
0 0 32 20 O
~ Result

Figure 5.25: Camera position absolute error after EKF Itering [m]
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HOOVOOOO000000000000 N

aCGstar

o

[cNeoNoNoNolNoNoNolNolNo)

EKF

attitude Euler

" Input : Attitude measurement using Euler's angles based on the star tracker, the EHS and

the TRIAD (Sun sensor and magnetometer), three values each and angular velocity in Body
frame coming from the IMU;

" External inputs : Moments divided by mass in Body frame;

~ Initial conditions : Initial attitude and angular velocities;

~ Observation Matrix C tltisa 12 6 matrix

0

aACGstar
0

[eNeoNeoNoNeoNoNoNeNo]

2

OCO0OO0OO0OO0OO0OO0ORrOOOO
O GrRIRARIRIRIRIRIRIRI Cw

[cNeoNoNeololololNolNolNolNol
[cNeoNoNoNolNololNolNoNok Ne)
[cNeoNoNeolNolololNoNoh jloNoel
[cNeoNoNoNolNoNoNeol NoloNe

This is because there are 12 measurements. Thgin position C(6,6) is needed, because the
EHS does not output information on one angle.

Covariance Matrix Q

2 3
10 7 0 0 0 0 0
0 10 7 0 0 0 0
0 0 107 0 0 0
0 0 0 10° 0 0
0 0 0 0 10° 0
0 0 0 0 0 10°
" Measurement Matrix R
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
aCGar 0 0 0 0 0 0 0 0 0
0 acGys 0 0 0 0 0 0 0 0
0 0 acCGHs 0 0 0 0 0 0 0
0 0 0 acGHs 0 0 0 0 0 0
0 0 0 0 aCCrriAD 0 0 0 0 0
0 0 0 0 0 aCCrriAD 0 0 0 0
0 0 0 0 0 0 aCCrriAD 0 0 0
0 0 0 0 0 0 0 acGmu 0 0
0 0 0 0 0 0 0 0 acGmu 0
0 0 0 0 0 0 0 0 0 acGmu

Where acG, = (1:74 10 4)? is the relative measurement error for the star tracker. Similarly,
acGns =(1:74 10 %)?, acerriap = (8:7 10 4)? and lastly acgyy = (10 7).

" State function : Starting from the Euler's equations:

My = Ixx Lx + 1! 2(l 22 Iyy) (5.13)
My = Tyly+ (e 122) (5.14)
Mz =l + y(lyy  Ixx) (5.15)
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then using the kinematics equation written in the following form:

2 .
2 _3 1 sin tan
4 5= 20 cos
- sin
- cos

and de ning the state vector X =

[Mx.My.MZ

e Ty ' 1,

~ Jacobian :

2
cX1(tX 2) X5
sX1Xs5
cX1 X5
cXo

sX1(tX2) X
cX1Xg
sX1 Xg
cXo

[555

3
cos tan 2! X3
sin L4, 5
cos g i
cos '

(5.16)

-+ = [X1;X2;X3;X4;X5;Xe] and u =
]1=1[uz;uz; us] it is possible to write:

2
3 Xa
X4
Xs
X2
Xs
X3 Uy | I,
= y XsX6 (5.17)
N I I
l, |
Xs :Lz o XaXe
y y
Xs ug  lx lyX5X4
I, I,
sX1X cX1 X
0)1(25+ 0;26 0 SX1tX 5 cX X 5
0 0 CX1 sX1
(tX2) Xs (tX2) X6 SX1 cX1
SX 220 4 eX 0 = =
! cXo ! cXo | C)?z C)?z
0 0 0 Y ZXe L —ZXsg
L, | I ||x|
0 0 2 —XXs 0 XX,
Iy Iy
e | e |
0 0o X —¥Yx X YX, 0

wherec=cos, s=sin and t =tan.

" Results
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Figure 5.26: Attitude absolute error after EKF Itering

Figure 5.27: Angular velocity absolute error after EKF Itering []

EKF attitude quaternion

Input : Attitude measurement using quaternion based on the star tracker, the EHS and the

TRIAD (Sun sensor and magnetometer), four values each andjcalculated with the angular
velocity coming from the IMU;

External inputs : Angular velocity and its derivative;
Initial conditions : Initial attitude and g

Observation Matrix C  :Itisa 16 8 matrix
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cNeoNoNoNoNoNoNoNol NeolloloNoNoeNol
O OrRHRHRFRRRHRHRFEHRFRRRRNR Ow

[cNeoNeoNoNoNoNolNoNoNolNolNoNolNolNol
cNeoNoNoNolNoNoloNololNolNoNoNol e
eNeoNoNoNeoNoNoNoNoNolNoNoNol el
cNeoNoNoNolNoNoNoNoNolNoNol NolNoeNoel
eNeoNoNoNoNoNoloNololNol oo lNoNol
eNeoNoNoNoNoNoNoNoNaol NeoloNoNoNe

This is because there are 16 measurements.

" Covariance Matrix Q

2 3
103 0 0 0 0 0 0 0
0 10°3 0 0 0 0 0 0
0 0 10% 0O 0 0 0 0
0 0 0 103 o0 0 0 0
0 0 0 0 10° 0 0 0
0 0 0 0 0 10° o0 0
0 0 0 0 0 0 10° 0
0 0 0 0 0 0 0 10°

" Measurement Matrix R
It is a 16 16 diagonal matrix similar to the one used for the kinematics using Euler's
equations Whereacc,, = (1:74 10 4)? is the relative measurement error for the star tracker.
Similarly, aceens = (1:74 10 4)?, acGrriap = (8:7 10 #)2 and lastly acguy = (10 7)2.

State function : Considering that the quaternion second derivative can be written as:

a=2a 1%+2q L (5.18)
it is possible to write:
2 3 2 32 3 2 2 3
% ® & & @ 0 ® @& ® g O
0!12:} t ® B ngglxg 1 @ @ %Zgué
ng 44 o o abh57 24y o g gbdl, (5.19)
% ® ® & o ! ® % & G !z

De ning the state vector X =[0p; th; G1; %; h; th; ;] = [ X1; X2; X3; X4; Xs5; Xg; X7; Xg] it
is possible to write:
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Xs

x

G

Xs
X7

Xg
1 |2 |2 12y, 1 | | | 5.20
Z( Xal g Xty Xyl 7+ E( Xaly Xaly Xyly)) (5.20)
1 |2 12 12 1 ] | ]
Z( Xal g+ Xal 7+ Xql )+ é( Xaly + X3!z + X1ly))

1 1
Z(X4! 2+ X112 Xpl )+ E(X4!_x + X1ty  Xaly))

(62N SN RN N N N N N N N N N G N aN N NN N N N N N OV ]

Xg 1 1
Z( X3!3+X2!3+ X1'§)+ E( X3!_X+X2!_y+X1!_Z))
~ Jacobian :
2 3
0 0 0 0 1 0 0 O
0 0 0 0 01 0
0 0 0 0 0 0 1
0 0 0 0 0 0O
- 0 . ( %! 2 %!_x) ( 1%!23 1%!#) ( %! g %!_Z) 0 0O
(gl )§+ ?!_X) 1 20 1 (aty+aby) 12!2y 15!_)/) 0 00
(z'y+ ?!_y) ( z'7 32) 0 . (z!'x+3) 0 0O
(F'2+32) (F2+3L) ( 7'% 3 0 0 00O
~ Results

Figure 5.28: Attitude absolute error after EKF Itering using quaternion kinematics
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Figure 5.29: Angular velocity absolute error after EKF ltering using quaternion kinematics []

5.4.3 Sensors application

This section will explain how the position sensors are chosen depending on the phase in which the
Chaser is located.

First of all, in the initial sensing phase, where there is no knowledge of where the Target it is except
that it is in a range < 2 km, GPS is used to maintain station keeping until the LIDAR nds the
Target.

Thereafter, in the approach phase, the LIDAR has the priority, since it is more accurate in relative
navigation and since relative GPS was not considered given the need to adapt to uncooperative
Targets.

Secondly, when the Chaser is reaching the Target and is inside the range of the KOZ, the camera
is the sensor used as it is the most precise in the relative navigation and it is crucial to perform
manoeuvers in the safest possible way.

5.5 Control implementation

5.5.1 Sensing and approach phase control
Position control

This section shows the values used in the various stages of the approach. In fact, as mentioned
earlier, there are four di erent controller sets of parameters that enable the purposes of the phases
to be achieved.

The rst controller is adapted for the station keeping phase, while the other three 3 are for the
other 3 stages in which the approach phase is divided. This was chosen because, in the early stages
of implementation it was noted that it was di cult to control the position as the distances along

the three axes varied. Therefore, by dividing the goal into 3 sub-goals, it is possible to achieve a
better convergence in the desired range [(-500 -100),0,0].

In this case, a PD was applied instead of a PID as the integrative component was not necessary
to ensure convergence, and it should also be noted how the variables vary along x as the compo-
nents in y and z are corrected rst. Derivative components always increase to allow a slow safe
approach at low speeds.

This particular set of constants should not be regarded as the optimum set for control, neither in
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H Station keeping | First Phase | Second Phase| Third Phase

. 0:9 0.3 12 0.08
. 1 1 1 15
y 0:9 0.3 0.2 0.2
y 1 1 1 1
, 0:2 0.3 0.2 0.2
, 1 1 1 1
K., 0 0 0 0
K., 0 0 0 0
K1, 0 0 0 0
Ko, 50 30 30 110
Ko, 50 30 30 30
Ko, 50 30 30 30

terms of manoeuvring time or propellant consumption, it is a starting set that is nevertheless valid

and meets the requirements.

Table 5.13: PID tuning

The parameters used for the second order SMC are:

|

H Station keeping | First Phase | Second Phase| Third Phase

T 1 1 1 1
5 10° 5 10 5 10° 5 10°
K 0:001858 0.001858 0.001858 0.001858

Table 5.14: SMC tuning

It is important to notice that oftentimes the controller output is in LVLH frame, which needs
to be rotated in body frame for some actuators to be correctly used, such as for the thrusters.

5.5.2 Docking phase control

The orbit control for the docking phase diers from the one used in the sensing and approach
phase and it is here presented. It is composed by various matlab functions, where the two most
important ones are the one denoted with the letter "A" and the various PID controllers, as shown
in gure 5.30.
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Figure 5.30: Scheme of the "orbit control"

Block "A"

This block, which is a MATLAB function, is used to activate the thrusters during the classical
docking. In particular, the block has the following inputs :

Delta V:
it is the desired V coming from the orbit guidance;

Delta_V real x and Delta_V_real_z:
these two inputs come from the a function in the "orbit" block, which counts how much V
has been delivered;

F:
it is the maximum thrust that the thruster can deliver;

ag:
it is the ag coming from the orbit guidance, as de ned previously. It is "0" when the rst
pulse has to be delivered, "1" when the second one has to, "2" when the cone approach has
to start and "3" when station keeping to the holding point has to be performed,;

holding_point:
it is the holding point, expressed as a vector [X;y;z].

and the following outputs :

" F_control:

it is the signal used to activate the thrusters;

86



" control:
it is a ag needed to choose if the manoeuver has to be controlled or not. It is "0" when it

does not have to, "1" otherwise.

The algorithm used in block "A" can be seen in 9.3.6.

PID for controlled manoeuver

Three di erent PID controller were implemented, one for the station keeping stage, one for the
cone approach and, lastly, one for when the APF guidance is used. The variables "ag" and
"APF_only" are used to switch between the three.

The three di erent sets of parameters are summarised in the following table.

’ H Station keeping | Cone approach‘ APE ‘

N 0.1 0.0001 0
y 1 1 10°
y 0.1 0.0001 0

y 1 1 10°
, 0.1 3 0

Z 1 1 10°
K1, 0 10 °© 10 ©
K, 0 10 °© 10 °
K1, 0 10 °© 0

Ko, 10 50 200
Ko, 10 50 200
Ko, 10 30 20

Table 5.15: PID tuning

Lastly, it is important to note that, during the cone approach, the control force was sometimes
too low for the PWPF to activate. While this could be xed by using a di erent tuning for the
PWPF, it was decided to manually increase the control force on the Y axis when needed. While
the solution is not optimal and it could be improved in future studies, it showed that accurate

results could be obtained in this way.

5.6 Chaser and Target architecture

The agents of the simulation will be a Chaser and a Target, that are here presented.

5.6.1 Chaser con guration

The Chaser is a small, 1.07 0.98 1.15 m satellite, weighting 152 kg. It presents 6 main thrusters
for the position control, situated in the middle of its faces and 4 clusters of smaller thrusters used

for attitude control.
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Figure 5.31: Chaser Architecture. Dimensions are in [mm]

Figure 5.32: Chaser model

5.6.2 Target con guration

The Chaser is a small, 1 1 1 m satellite, weighting 100 kg. It presents a docking port on its
bottom face and a solar panel on its side. The solar panel is 2 m long and has a thickness of 0.02
m.
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Figure 5.33: Target Architecture. Dimensions are in [mm]

Figure 5.34: Target model

5.7 Actuators implementation

To ensure a precise control over the Chaser position and attitude, an active control system is
needed. In particular, the most common choice of actuators has been implemented in the simulator,
consisting in a set of thrusters and reaction wheels, the rst for both position (mainly) and attitude
control and the second for attitude control only.

5.7.1 Thrusters model

The PWPF parameters are: Ugn; Uett ; K, the dead-band ey, and . The PWPF outputs the
Fmax (either + or -) when the input signal coming from the lIter is above Uy, and outputs 0 when
it is less than Ugss .

In particular, the PWPF implemented for position control has the following characteristics:
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Max thrust 1[N]
Thruster I, | 220]
K¢ 6:1
10
ton 0:1
€db 0.3

Table 5.16: Position thrusters parameters

While the one implemented for the attitude control, which aids the reaction wheels to avoid
saturation, has the following parameters:

Max thrust 0:001N]
Thruster | 220 ]
K 5
1
ton 0:2
€db 0.001

Table 5.17: Attitude thrusters parameters

5.7.2 Reaction wheels model

First of all, it was chosen to model the con guration with 4 pyramidal RWs. For this reason, it

is necessary to have rotation matrices that can rotate the moments of the incoming controller on
the 4 wheels and then rotate them back into body axes to send the signal to the Euler equations.
However, these matrices can also be adapted to other con gurations, as the rest of the model is
valid for any 4-wheel con guration.

The model consists of a low pass Iter with a saturation afterwards, which can be up to the
maximum torque of the actuator. By integrating, the value of the angular momentum can be
obtained, so that the saturation can be evaluated.

In particular, during the simulation the values used for the actuators changed in function of
the typology of manoeuver. For the rst approach and sensing phase, where distances are much
greater than the range of the KOZ and pointing requirements are less restrictive, torque values
of 5 10 3[Nm] and maximum angular momentum of 0.01[Nms] were used. On the other hand,
for the docking phase, it was decided to use values an order of magnitude higher because, it was
necessary to have higher values in order not to lose pointing.
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Chapter 6

Simulation results

In this chpater, the results of the sensing and approach phase, as well as the results of the docking
phase, are going to be presented.

6.1 Sensing and approach phase results

This section is dedicated to collecting the signi cant results of the manoeuver in order to show
compliance with the requirements and objectives set beforehand. The results will be divided
between the sensing phase and the approach phase.

6.1.1 Sensing attitude

The following attitude results for the sensing phase were obtained by placing the Chaser at more
than 90° with reference to the Target, so that it has to do at least three rotation steps in order to
nd it.

Figure 6.1: Desired quaternion evolution

It can be seen that the Chaser can follow the desired attitude, nonetheless the manoeuver is
quite slow and requires almost two orbits to do just a 90 rotation.

91



Figure 6.2: Chaser attitude in Euler angles (ZYX) during the sensing phase

6.1.2 Sensing position

During the sensing phase, the Chaser maintains its position by performing a station keeping. In
this scenario, which is the case study, the Chaser nds the Target after 500 seconds, then starts
the approach manoeuver, hence the change in trajectory after that time. The position appears to
be with some uncertainties, because the Chaser is using the signal coming from the GPS, which is
less precise than the one coming from the LIDAR. The requirements are still satis ed.

Figure 6.3: Chaser position in LVLH during the sensing phase.

6.1.3 Approach attitude

In this case study, the Chaser encounters the Target with the LIDAR after about 500 seconds,
whereupon it starts a slew to return to the nal desired quaternion aligned to V-bar.
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Figure 6.4: Quaternion evolution.

In order to be able to perform this rotation, the inertia wheels only need an initial desaturation
due to reaching 80% of the threshold as shown in the gure:

Figure 6.5: H from thrusters.

The result of this desaturation is observable from the evolution of the angular moments, which
does not go over the maximum value of 0.1NN m s].
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Figure 6.6: RW's angular momentum.

It should be noted that angular momentum tends to accumulate even when a xed pointing is
required, this is due to the accumulation of torque due to external disturbances.
The nest picture shows the evoltution of RW's Torque during sensing and approach:

Figure 6.7: RW's torque.

Maximum torque (0.01 [N m]) is reached only in the sensing phase, which happens when
desaturation is needed, in fact for maintaining pointing these RWs show good results while they
are less performing for high velocity attitude maneuver.

6.1.4 Approach position

The following gures show the Chaser position in the LVLH in the approach phase. It can be seen
that the S/C performs an initial station keeping (during the sensing phase), then it moves to a
V-bar approach and stops at the holding point, maintaining it while meeting the requirements.
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Figure 6.8: Approach phase position in LVLH frame

To better understand this stage, a 3D visualization is presented, as well as the results in ECI
frame.

Figure 6.9: 3D visualization of the approach phase position in LVLH frame
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Figure 6.10: Approach phase position in ECI frame

While in the case study simulation a PID controller is used, some results obtained with the
second order SMC are presented.

Figure 6.11: Approach phase position in LVLH frame using the SMC
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Figure 6.12: 3D visualization of the approach phase position in LVLH frame using the SMC

The results obtained with the SMC are slightly di erent from the ones obtained with the PID
and it can be seen that with the current tuning parameters, the case using the SMC presents less
oscillations. These oscillations could be xed with better tuning parameters for the PID, which is
used in the case study simulation, because of its Technology Readiness Level.

Finally, the results obtained for the PWPF output are shown.

Figure 6.13: PWPF in LVLH frame using PID controller
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Figure 6.14: PWPF in LVLH frame using SMC controller

6.2 Docking Phase

The results of the docking phase simulations are now presented. In particular, it was decided to
simulate three di erent scenarios, one using the classical docking, one using a combination of the
classical docking (hamely its y around) and the APF guidance and, lastly, the case in which only
the APF guidance is used.

6.2.1 Classical docking

The results for the classical docking manoeuver shows the validity of the classical approach.
Some notable results are shown for the particular case.

Figure 6.15: Position in LVLH frame [m]

In gure 6.15 the position in LVLH frame is presented. It is possible to de ne two di erent
stages, which are the y-around and the cone approach. The rst manoeuver takes the Chaser
from its starting position to the vicinity of the holding point, then a controlled manoeuver, which
can be seen from 1400 second up to around 1500 seconds, takes the S/C precisely to the holding
point. Subsequently, the controlled cone approach starts. In this stage, the X and Y component
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of the position are maintained to O and the Z components gradually approaches the nal condition.

Figure 6.16: Zoomed position in LVLH frame [m]

The controlled manoeuver that takes the Chaser to the holding point is required because the
guasi-impulsive manoeuver is not ideal, hence, slight errors in the delivery of the pulses and various
disturbances make so that the spacecraft deviates from its nominal trajectory.

The precision of the manoeuver can be seen in gure 6.16. It is clear that the precision in
Y is greater than the one in X, probably due to the PID controller tuning parameters, but the

requirements are nonetheless met.
Moreover, a 2D visualisation can be seen in gure 6.17.

Figure 6.17: 2D visualisation in LVLH frame [m]

In gure 6.18 it is possible to see the PWPF output during the manoeuver. A clear distinction
between the open-loop and the controlled manoeuver can be seen, in fact, after around 1400
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seconds, the PWPF activates more frequently, indicating the passage between the two (from the
open-loop to the closed-loop). Although slightly di erent from the results shown in gure 6.23, no
signi cant di erences in fuel consumption were alighted during the two di erent manoeuvers, with
the classical approach being a little more fuel e cient.

Figure 6.18: PWPF output in Chaser body frame

Throughout the whole manoeuver, the Chaser points its sensors towards the Target, constantly
changing its attitude. This behavior can be seen in gure 6.19 and it is very important that the
S/C manages to do so. In fact, if that was not the case, the spacecraft would loose the relative
position measurements, resulting in possible issues regarding safety.

Figure 6.19: Chaser guaternion evolution

Finally, the linear, angular and total velocities resulting after the mating has occurred are
reported:

Vy [m=5] Vy [m=9] V, [m=g] !y [rad=s] I'y [rad=9] !, [rad=s]
2:0799 10 4 1:0386 10 # | 0.0261 1:4492 10 ® | 5:8433 10 8 0.0018

Table 6.1: Results after mating - Classical docking
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Viot, [M=5] Viot, [Mm=s] Viot, [Mm=s]
2:0813 10 ¢ 1:0386 10 * 0.0279

Table 6.2: Results after mating - Classical docking

These velocities can be controlled after the mating, if necessary, since they are low enough.

6.2.2 Classical manoeuver and APF approach

The mixed docking, in which the y-around manoeuver is rst performed and then the APF
guidance is used to guide the Chaser to the Target, is used because the APF guidance works best
when the Chaser is located near the aperture of the keep-out zone obstacle.
In fact, if the Chaser is located far away from it (in terms of angles between the Chaser and the
axis running through the obstacle aperture), when using the APF guidance, there could be some
cases in which the S/C cannot reach the Target, while also staying out of the keep-out zone.

Some notable results are now shown for the particular case.

Figure 6.20: Position in LVLH frame [m]

In gure 6.20 it is possible to note how the rst stage, up until around 1400 seconds, is identical
to the previous case, because the same manoeuver, the y-around, is performed. In fact, the APF
guidance activates when the Chaser has reached the holding point. The approach using the APF
guidance can be seen in the second part of the graph, where the Z component of the position in
LVLH frame gradually goes to the desired nal position and the other two components are roughly
0.
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Figure 6.21: Zoomed position in LVLH frame [m]

In particular, in gure 6.21, it can be seen a close up view of the paosition in the last meters of
the docking phase. The results show how the requirements are met and how the method has the
accuracy needed to perform the docking, giving even better results with respect to the classical
docking case.

Moreover, a 2D visualisation can be seen in gure 6.22.

Figure 6.22: 2D visualisation in LVLH frame [m]

The use of the classical manoeuver and then of the controlled one, can also be seen in the
PWPF output. The rst stage is characterised by two pulses, then the PWPF activates more
frequently when the controlled manoeuver starts.
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Figure 6.23: PWPF output in Chaser body frame

Finally, it is important to note that the Chaser manages to point the Target throughout the
whole manoeuver, so that its sensors can properly work. The changing of the attitude quaternion
can be seen in gure 6.24. A slight deviation can be seen at the end of the phase, which is caused
by the fact that, when the Chaser is close to the Target, the modeled LiDAR is too close to the
Target, almost touching it and this situation gives the deviation, which is not actually a problem

as docking is still achieved.

Figure 6.24: Chaser quaternion evolution

Finally, the linear, angular and total velocities resulting after the mating has occurred, are here

reported:

Vem=g [V [m=g]

V; [m=g]

I « [rad=g]

I'y [rad=s]

I, [rad=g]

7:2616 10 * 0:0011

0.0261

85279 10 '

1:5377 10

0.0018

Table 6.3: Results after mating - Classical manoeuver and APF approach
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Viot, [M=9] Viot, [M=5] | Viot, [M=9]
7:2617 10 4 0:0011 0.0279

Table 6.4: Results after mating - Classical manoeuver and APF approach

6.2.3 APF guidance only

Three di erent cases are now presented.

First case using only the APF guidance

In the rst, the Chaser has the same initial conditions as the classical docking and only the APF
guidance is used. It can be seen that the Chaser approaches the Target, but cannot reach the
desired nal position, because it encounters the edge of the keep-out zone shaped obstacle and
cannot move. It is also possible to note that, even though the docking is not achieved, the safety
of the manoeuver is. This happens, probably, because there are some problems with local minima,
a common and known complication when using the APF methods. The issue could be solved with
a ne tuning of the APF parameters, or with di erent methods such as Harmonic APFs, which
replace local minima with saddle points [13].

Figure 6.25: 2D visualisation of the position in LVLH frame [m]
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Figure 6.26: Position in LVLH frame [m]

Second case using only the APF guidance

In the second case, the Chaser starts in position [-150; 0; 250] m. This case was simulated to prove
the capability of the APF guidance algorithm to guide the Chaser to the Target even when optimal
conditions are not met.

The results shows that the S/C is able to reach the desired nal position. At rst the Chaser
moves towards the Target, then it encounters the "walls" of the obstacle and it follows them, until

it reaches the nal position with the desired velocity.

Figure 6.27: 2D visualisation of the position in LVLH frame [m]

The results show great accuracy, meaning that the method could be a viable alternative solution
to the classical docking manoeuver. Although the results are promising, it is important to note
that the Chaser did not stay inside the safety cone (the one de ned for the classical cone approach)
throughout the whole approach, but it still stayed outside the keep-out zone shaped obstacle.

105



Figure 6.28: Zoomed position in LVLH frame [m]

Third case using only the APF guidance

In the third case, the Chaser starts in position [150; 100; 250] m, so to have a condition in which
the Y component is not equal to zero. This case was simulated to prove that the starting conditions
do not have to be on the X-Z plane, but that out of plane conditions can be considered.

While in this case the Chaser did not stay inside the safety cone for all the duration of the
manoeuver, it eventually returned inside, showing a good accuracy in the end of the approach.

Figure 6.29: Zoomed position in LVLH frame [m]

Lastly, it can be seen how the proposed method is suitable even for out of plane motions.
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Figure 6.30: 2D visualisation of the position in LVLH frame [m]

The performed manoeuver in 3D can be seen in gure 6.31.

Figure 6.31: 3D visualisation in LVLH frame [m]
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Chapter 7

Image generation

One of the challenges of simulating optical navigation based systems is the generation of synthetic
images to be fed into the camera model. These data must meet very stringent requirements to
ensure that they are representative of reality and that the simulation is reliable. Although image
processing and image-based algorithms have not been implemented during this work, this chapter
is intended to propose an initial approach to how this topic might be addressed in future iterations
of the software.

Optical navigation architectures are complex, both hardware and software must be thoroughly
tested to ensure that the system meets performance, reliability and safety requirements and, adding
to this autonomy, further critical issues emerge. Modern autonomous navigation solutions are based
on arti cial intelligence that must be trained with validated and representative datasets. For space
applications, these data are not always readily available and accurate test scenarios are not easily
reproducible on ground. Some clever solutions have been proposed and implemented in recent
times, examples can be found in other works cited in this thesis [22] [23], where oating platforms
are used to model and simulate the proximity dynamics between a chaser and collaborative or
non-collaborative targets. At the German Space Operations Center (GSOC) is installed the EPOS
[24] simulator. In this facility, robotic arms and mockups are used to recreate complex in space
proximity operations scenarios. Commercially, an all-software solution can o er numerous advan-
tages in terms of costs, infrastructures and exibility with respect to the previous ones. Moreover,
it has been proved to be an e ective approach also in important missions like Rosetta, where a 3D
model of the comet 67P/Churyumov-Gerasimenko was created to simulate the landing of Philae.
State-of-the-art graphics engines, equipped with modern GPUs, can ensure the real-time rendering
of realistic virtual environments that meet stringent image quality requirements. Additionally,
they can be seamlessly integrated with simulation software.

At the conclusion of this project, an initial step towards integrating simulation and image
generation has been achieved. The primary objective was to identify the appropriate scene setup
for rendering the camera viewpoint in alignment with the spacecraft dynamics.

7.1 Software architecture

The free and open-source Blender 4.0 has been chosen as 3D modeling and rendering software.
The built-in Python API allows access to all its main features directly from Python script through

the bpy module making it easy to setup, update and render the scene with the processed data
coming from the simulation. Data exchange between Simulink and Python has been obtained
by sending over the network UDP packets formatted as de ned in a shared Interface Control
Document (ICD). The Python socket module is used to con gure a simple UDP receiver server
while, in Simulink, the "UDP Send" block of the "DSP System Toolbox" sends the formatted
packet containing the simulation data. With this approach it is possible to obtain high-frequency
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data exchange even between two di erent machines. It has been decided to make every aspect of
the software user con gurable. In addition to the already mentioned ICD, the scene objects, the
blender con guration and the models' geometries can be de ned in an xml con guration le. A
simple representation of the software architecture is shown in the next gure.

Figure 7.1: Schematic visualization of the integration between simulation and Image Generator
software.

7.2 Scene setup and ICD de nition

According to the selected study cases the scene has been modeled to reduce the simulation data
needed at each update. The Blender environment reference frame has been chosen to coincide with
the target body frame and, accordingly, the position and orientation of the other objects in the
scene are measured. Therefore, in addition to the target 3D model, two light sources representing
the Sun and the Earth albedo and a camera have been added to the environment. The ICD has
been de ned has follows:

Camera position, expressed as a vector [x;y;z] in meters;

Camera Attitude, expressed as a quaternion[p; i; Gp; ]. The attitude computed in the
simulation has been corrected to align the default Blender initial camera orientation [0,0,-1]
to the simulation one [1,0,0] with respect to the selected reference frame;

Mean distance of the Earth from the Sun in meters;
Direction of the Sun (which is the Sun vector) expressed as a vector [x;y;z];

Sun power percentage, which is a variable which is either 0 when the satellite is in eclipse
and 1 when it is not;

Height of the satellite orbit in meters;
Direction of the albedo expressed as a vector [x;y;z];

Albedo power, which is a variable between 0 and 1. It is 1 when the Chaser is in the middle
of the sunlit zone and it goes gradually to zero when it approaches the eclipse zone.
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These informations are sent from Simulink at a user-de ned frequency, 1 Hz by default, and a
new image is generated at each update. Using Blender, it was possible to obtain only low quality
real-time rendering since photorealistic images can be generated only in post-processing due to the
high computational time required by each frame. Some results are shown in the next gure.

Figure 7.2: Sequence of generated images for a docking manoeuvre in R-bar.

7.3 Software and image requirements

As previously said, the quality of the synthetic images must be comparable as those captured
with a camera in space. To do that, an accurate setup of the scene, which includes 3D models,
their textures and colors, the materials optical properties etc, must be followed by the choice of a
rendering engine capable of simulate the physics of the camera lenses and of the light interacting
with the objects and the environment. Dierent ad-hoc software, both commercial and open-
source, are available. Their capabilities have been thoroughly studied speci cally for the creation
of synthetic spaceborne image dataset as can be found it [| and its bibliography. Since the image
quality standards have already been de ned in the literature, the bottleneck for this application is
determined by the software's performance. To deal with the acquisition frequency required by the
onboard GNC chain real-time rendering like in video games is needed thus making it necessary to
rely on the latest generation of graphics engines which embed ray tracing features for photorealistic
lighting.
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Chapter 8

Conclusion

The scope of this thesis was the development of a satellite simulator for small satellites, capable of
accurately simulate the dynamics and kinematics of the last phases of a rendezvous and docking
mission. Additionally, the developed simulator was used to test an innovative Arti cial Potential
Field algorithm, that uses a complex shape to model the keep-out zone as an obstacle.

The simulator features di erent types of actuators, as well as a variety of sensors, control laws
and types of guidance (both for orbit and attitude). Additionally, even when a simple model is
used to simulate the sensors and actuators behaviour, the results show that the accuracy of the
simulations is high enough and the results are similar to the real ones.

The APF guidance results showed how it is possible to de ne complex shapes that can be used
in APF based guidance methods, as well as that it is possible to meet the requirements on position
and angular accuracy even with approaches di erent from the ones already in use and even with
a simple PID controller. It is important to note that the proposed method was originally created
to guide the Chaser satellite in the last meters of its approach to the Target, while in this thesis
the concept was extended, using the same formulation for a keep-out zone constraint spanning
hundreds of meters, proving that the method is scalable. Further testings with the introduction of
more obstacles should be carried out to prove the full scalability of the method.

Moreover, the simulator is fully con gurable and, since the idea for future development is to
use the simulator for algorithm testing and Al training, di erent types of guidance can be tested
using the simulator as a test bed (as long as the inputs and outputs are the same as the ones used
in this simulator).

The software described in this thesis is intended as a starting point to develop a commercial
satellite simulator to test and validate autonomous architectures. A complete version of the appli-
cation will be capable of incorporate both onboard software and real hardware acting like a satellite
digital twin and allowing clients to prove the robustness and the performance of their solutions in
a space-like synthetic environment.

Di erent developments are needed to reach these objectives starting from the integration of the
Simulink code with a modern C++ simulation framework. This solution, proved to be e ective
with commercial ight real-time training simulators, allows the developers to add new features to
the software as simple plugins making the simulator adaptable to customer's needs. Some of the
developments needed in future iterations of the software are listed here.

" Software architecture: identi cation and drafting of software requirements in each simulator
sub-part (simulator, plugins, image generation, performance, Con gurability).

" Software integration: porting of the Simulink code in C++ and integration with the simula-
tion framework.
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Spacecraft model: improvement of the simulator models, from sensors/actuators, to dynam-
ics, disturbances etc.

Image Generation: creation of improved 3D models, identi cation of the image quality and
software requirements, identi cation of a suitable graphic engine and integration with the
simulator.

Guidance and Navigation: improvement of the GNC chain with the missing parts, setting
up the integration with external software.

Hardware integration: identi cation of the communication protocols used in space applica-
tions (i.e. MIL-1553), development of plugins and solutions to integrate real hardware with
the simulation software.
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Chapter 9

Appendix

9.1 Sensors parameters

Figure 9.1: Magnetometer values for sensor modeling

Figure 9.2: Sunsensor values for sensor modeling

113



9.2 Actuators Simulink models

Figure 9.3: PWPF implemented in the simulator

Figure 9.4: Reaction wheels model

Figure 9.5: UAV scenario
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9.3 Functions pseudo-codes

9.3.1 Sensing guidance algorithm

The function can be described with the following pseudo-code:
1. De ne the rotation as [2 LIDAR_AzimuthRange,0,0];
2. If the range is 0, sensing is 0 and the quaternion is still equal to the initial quaternion, set

turn to 2 LIDAR_AzimuthRange and the desired quaternion to the current one, plus the
rotation. The desired angular velocity is always set to [0;0;0];

3. Initialise variable go to -1;

4. Compute the absolute errors between each component of the desired quaternion and the
current one;

5. If sensing is equal to 0, check if therange is equal to 0.

(a) If it is, while the absolute errors are less than 0.01, it means that the Target was not
found, but the Chaser reached the desired quaternion. Set "go" to -1, "sensing" to 0,
increase "turn" by 2 LIDAR_AzimuthRange and the new desired quaternion as the last
one, increased by the rotation previously de ned;

If "turn" is more than 360 °, set the desired quaternion as the current one rotated by
[0,2 LIDAR_AzimuthRange,0] and reset "turn" to O;

(b) if it is not, it means that the Target has been found. Set "go" and "sensing" to 1.

6. if "sensing" is not O, itis 1. Check the variable "maneuver” and change the desired quaternion
accordingly as to point the Target with a xed attitude ([1,0,0,0] for a V-bar approach).

9.3.2 Impulsive manoeuver function 5.4

The function can be described with the following pseudo-code:

1. Check on the absolute value of the X component of the position:

if it is greater than 50% of the absolute value of the initial position and "control" is
"0", it means that the Chaser is near the initial position and that the rst pulse has to be
delivered. Set the "ag" to "0";

if it is less than 10% of the absolute value of the initial position and "control" is "0", it
means that the Chaser has almost arrived at the point in which it has to deliver the second
pulse. The 10% is to accommodate for the manoeuver not being ideal. Set the " ag" to "1";

if it is less than 15% of "cone" and the absolute value of the Z component of the position
is less than 1.05 the absolute value of the Z component of the "holding_point", while the
"control" is "1", it means that the Chaser has delivered the necessary V, and it is near the
holding point. Set the " ag" to "2";

if none of the above conditions are met, set the " ag" to "3".
2. Dene the x as the absolute value of the X component of the initial position;
3. Check the ag:

if the "ag"is0, V ==! x;

. . 1
ifthe "ag"is1l, V=2 E! X;
otherwise, set the V =0.
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9.3.3 Controlled manoeuver function 5.4

The function can be described with the following pseudo-code:

1. Check the "control";

If the "control" is equal to "1" and the variable "APF_only" is either "0" or "1", it
means that the manoeuver has to be controlled, but this is not the case in which the APF
only has to be used (condition "APF_only" equal to "2"):

check the "ag":
- if it is equal to "1", set the desired position to the holding point and the desired velocity
to [0; O; O]. This case will not be used;

- if it is equal to "2", it means that the cone approach has to be done, set the "pos_des" to
the "Final_position" and the desired velocity to " nal_vel";

- otherwise, it means that something went wrong or that the Chaser is not near enough
to the holding point, set the desired position to the holding point and the desired velocity to
[0; O; O].

if the "control" is "0", set the desired position to the holding point and the desired
velocity to [0; O; 0]. These values will not actually be used.

Please note that there is another condition for the case in which "APF_only" is equal to "2", but
this is used for a di erent mission and it is not discussed. Brie y, if the condition is true, a counter
starts counting for how many tics the Chaser is in the proximity of the holding point (less than
5% absolute error) and activates the nal approach after a certain threshold is reached.

9.3.4 APF with keep-out zone obstacle 5.4

The function can be described with the following pseudo-code:

1. De ne four functions, d1, d2, d3 and d4. These are needed for the keep-out zone shape and
they are de ned as in 4.1.3;

2. De ne the grid as 21 linearly spaced values from the X position-0.5 to X position+0.5 and
from Z position-0.5 to Z position+0.5. Using the "linspace" function this passage creates two
row vectors, "x_apf" and "z_apf" which are the points of the two sides of a square centered
in the current position and with sides of 1 m;

3. Preallocate the matrices "Phi_a", "Phi_b" and "Phi_tot", respectively the attractive, re-
pulsive and total potential eld. These are lenght(x__apf) lenght(z_ apf) matrices;

4. Check if the Z component of the position is less than the parameter "b1" and if the absolute
value of the X component of the position is less than the parameter "al/2". This means that
the Chaser has entered the safety corridor:

if this is true, de ne the APF parameters (Qa, Qb, Pb, Kr, Ka) as the " nal" ones;

if it is not true, de ne the APF parameters as Qa, Qb, Pb, Kr, Ka;

5. De ne a reference versor called "ref* and de ned as [X,Z]=[-1,0]. This versor is needed to
compute the angle , which is used as the input for the functions de ned at point "1";

6. Cycle through all the grid points with a nested for loop (variable "i" for the rst one and
"k" for the second) inside of which:
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de ne the "position" as [z_apf(i),x_apf(k)] and "pointing" as its normalisation. This
choice to rstly use "z" and "x" secondly, as well as the choice of the "ref" versor, was done
because the functions d1, d2, d3 and d4 represent the cardioid with its aperture along the x
axis and by choosing these other values it was possible to rotate the cardioid as to have its
aperture along the z axis (+R-bar);

osition ref
he angle "alpha” 1 _bostion TeT
Compute the angle "alpha" as cos kposition Kkref k 5
if the second component of the "position” vector is less than "0", "alpha"= -"alpha". Again,

these choices are to rotate the cardioid;

7. Compute the attractive potential eld:
rstly de ne rq as "position"-"Final_position";
compute , as shown is section 4.1.3;

8. Compute the repulsive potential eld:
check the value of "alpha" and use the correct function (d1, d2, d3 or d4) to compute
the variable "d";
position
kpositionk
compute | as shown in section 4.1.3.

compute re, as(d position);

9. Compute the minus gradient of the repulsive and attractive potential elds using the function
"gradient". Take the center value, so the value in position (11,11).

9.3.5 Attitude guidance algorithm

The function, used in the docking phase, can be described with the following pseudo-code:

1. De ne the persistent variable "stop_rotation". This variable is either "0" or "1" and it is
used to stop the rotation when theta approaches 369 to avoid problems with the quaternion
snapping from [1;0;0;0] to [-1;0;0;0];

- L - 0S

2. De ne the "Pointing_vector"”, which is the versor pointing the Target, as kp%;

3. Compute the angle "theta" between the pointing vector and the reference, which is the initial
attitude expressed in Euler's angles. The function uses atan2(norm(cross(initial_pointing,
Pointing_vector)),dot(initial_pointing, Pointing_vector));

check if "theta" is greater than 355°, if it is, set "stop_rotation" to "1";

4. De ne the rotation axis "a" as the cross product between the initial pointing and the pointing
vector;

5. Compute the quaternion using its de nition;

6. Set the desired quaternion "gdes" as the quaternion multiplication between the initial quater-
nion and the quaternion de ned at the previous step. If "stop_rotation" is equal to "1", set
the desired quaternion to [-1;0;0;0];

7. Set the desired angular velocity to [0;0;0].
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9.3.6 Attitude guidance algorithm

The function can be described with the following pseudo-code:

1. De ne the persistent variables "active_control" and "no_return”. These variables are used
to ensure that the mode does not switch to the previous modes that is, the impulsive ma-
noeuver;

2. Conditions for the ideal manoeuver:

if the absolute value of the V, is less than the desired V and the "ag" is equal to
"0" and "no_return" is equal to "0", it means that the rst impulse still has to be nished:
set "y" to 2 [0;0;F]. The multiplication by 2 is to ensure that the PWPF activates;

if the absolute value of the V, is greater than or equal to the desired v and the " ag"
is equal to "0" and "no_return" is equal to "0", it means that the rst impulse has been
delivered: set "y" to [0;0,0];

if the absolute value of the V is less than the desired V and the " ag" is equal to "1"
and "no_return” is equal to "0", it means that the second impulse still has to be nished:
set"y"to 2 [ F;0;0] The multiplication by 2 is to ensure that the PWPF activates;

if the absolute value of the V, is greater than or equal to the desired v and the " ag"
is equal to "1", it means that the second impulse has been delivered. Set "no_return” to
"1" and "active_control" to "1".

if otherwise, set "y" as the variable "holding_point" if "active_control" is "1", [0;0;0]
otherwise. While this has no e ect, it was meant to be a safety measure;

3. set the variable "control" to be equal to "active_control". This starts the controlled ma-
noeuver (that is, the station keeping to the holding point and the start of the cone approach)
and it also is the switching condition that decides if to use the output of this function as the
"F_control" or the values coming from the PIDs.

118



Bibliography

[1] A.H.J De Ruiter, C.J. Damaren, and J.R. Forbes. Spacecraft Dynamics and Control - An
Introduction . Wiley, 2013.

[2] Wigbert Fehse. Automated Rendezvous and Docking of SpacecraftCambridge University
Press, 2003.

[3] Elisa Capello. Dispense del corso di dinamica e controllo di veicoli spaziali Politecnico di
Torino, 2022-2023.

[4] Nabawia Khalifa and T.E. Sharaf-Eldin. Earth albedo perturbations on low earth orbit cube-
sats. International Journal of Aeronautical and Space Sciences2013.

[5] Component datasheet. URLhttps://satcatalog.comhttps://satsearch.com

[6] Thruster cluster. URL https://www.enginehistory.org/Rockets/RPE09.45/RPE09.45.
shtml . Visited: 2024-01-19.

[7] NASA. Nasa space vehicle design criteria - spacecraft earth horizon sensoldASA technical
report, December 1969.

[8] Sabrina Corpino and Nicole Viola. Dispense del corso di Sistemi AerospazialiPolitecnico di
Torino, 2021-2022.

[9] International geomagnetic reference eld, . URL https://geomag.bgs.ac.uk/research/
modelling/IGRF.html . Visited: 2023-09-1.

[10] Andrea Brandonisio. Deep Reinforcement Learning to Enhance Fly-around Guidance for
Uncooperative Space Objects Smart Imaging Politecnico di Milano, 2020.

[11] Joshua P. Davis, John P. Mayberry, and Jay P. Penn. ON-ORBIT SERVICING: INSPEC-
TION, REPAIR, REFUEL, UPGRADE, AND ASSEMBLY OF SATELLITES IN SPACE .
Aerospace 2019.

[12] Michele Maestrini. Satellite Inspection of Unknown Resident Space Objects Politecnico di
Milano, 2021.

[13] Davide Celestini. Navigation and Guidance Algorithms for In-Orbit servicing Rendezvous
Mission . 2021.

[14] Esa purchases world- rst debris removal mission from start-up. URLhttps://www.esa.int/
Space_Safety/ESA purchases_world-first_debris_removal_mission_from_start-up

[15] Basile Graf. Quaternions And Dynamics . 2007.

[16] Mario Garcia. Extended kalman lters. URL https://ahrs.readthedocs.io/en/latest/
filters/ekf.html

[17] F.L. Markley and J.L. Crassidis. Fundamentals of Spacecraft Attitude Determination and
Control. Springer, Microcosm Press, 2014.

119



[18] Vokrouhlicky D., Farinella P., and D. & Lucchesi. Albedo perturbation models: General
formalism and applications to lageos. Celestial Mechanics and Dynamical Astronomy (ISSN
0923-2958), vol. 57, no. 1-2, p. 225-244

[19] Jean-Luc Sarvadon. Design and Testing of Guidance Strategies for In-Orbit Servicing and
Close Proximity Operations . Politecnico di Torino, April 2024.

[20] Zappulla Il Richard, Park Hyeongjun, Virgili-Llop Josep, and Romano Marcello. EXPERI-
MENTS ON AUTONOMOUS SPACECRAFT RENDEZVOUS AND DOCKING USING AN
ADAPTIVE ARTIFICIAL POTENTIAL FIELD APPROACH. 2016.

[21] Zappulla Il Richard, Park Hyeongjun, Virgili-Llop Josep, and Romano Marcello. Real-
Time Autonomous Spacecraft Proximity Maneuvers and Docking Using an Adaptive Arti cial
Potential Field Approach. IEEE Transactions on Control Systems Technologyt 2018.

[22] Mehregan Dor and Panagiotis Tsiotras. Orb-slam applied to spacecraft non-cooperative ren-
dezvous. Georgia institute of technology 2018.

[23] Anne Bettens, Benjamin Morrell, Mauricio Coen, Neil McHenry, Xiaofeng Wu, Peter Gibbens,
and Gregory Chamito. Unrealnavigation: Simulation software for testing slam in virtual
reality. University of Sydney, 2006.

[24] European proximity operations simulator (epos 2.0). URL https://www.dIr.de/en/
research-and-transfer/research-infrastructure/european-proximity-operations-
simulator-epos

[25] Wiley J. Larson and James R. Wertz. Space MissionAnalysis and Design- Third Edi-
tion. Microcosm Press ,Kluwer Academic PubUsbers, E1 Segundo, California and Dor-
drecbt,Boston,London.

[26] ANIL V. RAO. ORBITAL MECHANICS: AN INTRODUCTION . University of Florid,
Gainesville, FL, 2021.

[27] ECSS Secretariat. Space engineering Satellite attitude and orbit control system (AOCS)
requirement-ECSS-E-ST-60-30C ESA-ESTEC Requirements & Standards Division, Noord-
wijk, The Netherlands, 2013.

[28] NASA. On-Orbit Satellite Servicing Study . Project report, 2010.

[29] Roberto Opromolla. Advanced LIDAR-based techniques for autonomous navigation of space-
borne and airborne platforms . Universita degli studi di Napoli Federico Il , 2015.

[30] Gao Yuan. Space relative position and attitude measurement method based on solid state
lidar and high precision cooperative target. Journal of Physics 2023.

[31] Julie K. Thienel, John M. VanEepoel, and Robert M. Sanner. Accurate State Estimation and
Tracking of a Non-Cooperative Target Vehicle . NASA Goddard Space Flight Center 2006.

[32] Marco Bosco. SAFETY SYSTEMS FOR SMALL SATELLITES UNCONTROLLED TUM-
BLING MOTION . Universita di Bologna, 2012.

[33] Travis Henry D. Attitude determination using Star Tracker Data with Kalman Iters . Cal-
houn: The NPS Institutional Archive, 2012.

[34] Matthieu Dardelle and Cédric Renault. Lidar-based pose estimation for non-cooperative ren-
dezvous. EUCASS association 2013.

[35] Bloise N. Obstacle avoidance, guidance and control for rendezvous maneuvers based on arti-
cial potential eld. Politecnico di Torino, 2017.

120



[36] Nicoletta Bloise, Elisa Capello, Matteo Dentis, and Elisabetta Punta. Obstacle avoidance
with potential eld applied to a rendezvous maneuver. Politecnico di Torino, 2017.

[37] Jack Brazzel, Fred Clark, and Zoran Milenkovic. FLASH LIDAR based Relative Navigation
. NASA Johnson Space Center,Draper Laboratory 2014.

[38] PRAVAS R MAHAPATRA KISHORE MEHROTRA. A Jerk Model for Tracking Highly
Maneuvering Targets. Indian Institute of Science, 1997.

[39] Riccardo Bevilacqua Vincenzo Pesce, Michele Lavagna. Stereovision-based pose and inertia
estimation of unknown and uncooperative space objectsPolitecnico di Milano, 2016.

[40] ANDREW R TATSCH. ARTIFICIAL POTENTIAL FUNCTION GUIDANCE FOR AU-
TONOMOUS IN SPACE OPERATIONS . UNIVERSITY OF FLORIDA , 2006.

[41] Kenneth Getzandanner Mehregan Dor, Travis Driver and Panagiotis Tsiotras. AstroSLAM:
Autonomous Monocular Navigation in the Vicinity of a Celestial Small Body - Theory and
Experiments. Georgia Institute of Technology, 2022.

[42] Leonardo Ascorti. AN APPLICATION OF THE EXTENDED KALMAN FILTER TO THE
ATTITUDE CONTROL OF A QUADROTOR .  Politcenico di Milano, 2013.

[43] Svein Tohami El Moussaoli Brembo. Sensor modeling, attitude determination and control for
micro-satellite . Norwegian University of Science and Technology2005.

[44] Giuseppina Salemme. Contiuous-thrut collision avoidance manoeuvres optimizationPolitec-
nico di Milano, 2019.

[45] Johan Blomgvist. The in uence of Uncertainities of Attitude Sensors on Attitude Determina-
tion Accuracy by Linear Covariance Analysis . Lulea University, 2010.

[46] Qiaoyun Fan Guangjun Zhang Jian Li Xinguo Wei andXiaoyang Li. Error Modeling and
Calibration for Encoded Sun Sensors .Beijing University of Aeronautics and Astronautics,
2013.

[47] Elisa Capello Fabrizio Dabbene Giorgio Guglieri Elisabetta Punta. Flyable guidance and
control algorithms for orbital rendezvous maneuver. SICE Journal of COntrol, Measurement,
and System Integration 2018.

[48] Dr. Elisa Maria Alessi and Dr. Dario Modenini. Lecture notes of space mechanics. 2019.

[49] Dale A. Lawrence, Eric. W. Frew, , and William J. Pisano. Lyapunov vector elds for au-
tonomous uav ight control. AIAA Guidance, Navigation and Control Conference and Exhibit,
20 - 23 August 2007.

[50] Wang Honglun, Lyu Wentao, Yao Peng, Liang Xiao, and Liu Chang. Three-dimensional path
planning for unmanned aerial vehicle based on interfered uid dynamical system.Chinese
Journal of Aeronautics, 2015.

[51] Creating a sustainable space environment by better understanding debris risks. URhttps:
[lastroscale.com/missions/adras-j/

[52] A model to enable the autonomous navigation of spacecraft during deep-space missions,
URL https://techxplore.com/news/2022-12-enable-autonomous-spacecraft-deep-
space-missions.html

[53] Smart nav: Giving spacecraft the power to guide themselves, . URIhttps://www.jhuapl.
edu/interactive/navigating-double-asteroid-redirection-test-on-its-own

[54] Using an extended kalman lIter for estimating vehicle dynamics and mass, . URLhttp:
IlIwww.goddardconsulting.ca/simulink-extended-kalman-filter-quarter-car.html

121



[55] Autonomous satellite docking system, . URL https://www.academia.edu/47059832/
Autonomous_satellite_docking_system

[56] Autonomy for space robots: Past, present, and future, . URLhttps://link.springer.com/
article/10.1007/s43154-021-00057-2

[57] Spacecraft autonomy challenges for next-generation space missions, . URittps:/link.
springer.com/chapter/10.1007/978-3-662-47694-9 1

[58] Articial intelligence in space, . URL https://www.esa.int/Enabling_Support/
Preparing_for_the_Future/Discovery_and_Preparation/Artificial_intelligence_
in_space.

[59] Articial intelligence for terrain relative navigation in unknown environment (atena), .
URL https://nebula.esa.int/content/artificial-intelligence-terrain-relative-
navigation-unknown-environment-atena

[60] Milan Battelino Per Bodin, Matti Nylund. Satsim a real-time multi-satellite simulator for
test and validation in formation ying projects. Acta Astronautica, 2012.

[61] Mehregan Dor, Travis Driver, Kenneth Getzandanner, and Panagiotis Tsiotras. Astroslam:
Autonomous monocular navigation in the vicinity of a celestial small body theory and
experiments. 2022.

[62] John Christian and Glenn Lightsey. An on-board image processing algorithm for a spacecraft
optical navigation sensor system.Journal of Spacecraft and Rockets2012.

[63] Brian Kennedy Shyam Bhaskaran. Closed loop terminal guidance navigation for a kinetic
impactor spacecraft. Acta Astronautica, 2014.

[64] Autonomous navigation the autonomous navigation function of a system constitutes the per-

ception of the environment, planning and control of the related agents., . URL https:
Ilwww.sciencedirect.com/topics/computer-science/autonomous-navigation . Visited:
2023-02-28.

[65] Fundamentals of vision based navigation, . URLhttps://nescacademy.nasa.gov/video/
b96ec21b3f9747ala2c50275¢c324fe851d Visited: 2023-02-28.

[66] William M. Jr. Owen. Methods of optical navigation. Pasadena, CA : Jet Propulsion Labo-
ratory, National Aeronautics and Space Administration, 2011.

[67] Apollo imu. URL https://apollollspace.com/apollo-and-gimbal-lock/ . Visited: 2024-
01-19.

122



	Introduction
	On Orbit Servicing
	On Orbit Servicing possibilities
	Debris mitigation

	Drivers of the thesis
	Economical benefits

	Study case and future applications

	Mathematical models
	Reference frames
	Earth-centred equatorial frame
	Orbital plane frame
	Spacecraft local orbital frame
	Spacecraft attitude frame
	Spacecraft geometric frames

	Rotation matrix DeRuiter
	Principal rotations and Euler angles
	Rotations between notable reference frames
	Quaternions

	Orbital dynamics
	Orbital kinematics
	Euler's equations
	Kinematics equations

	Extended Kalman Filter
	TRIAD method
	Disturbances
	Gravity Gradient
	Atmospheric Drag
	J2 effect
	Magnetic torque
	Solar radiation

	Actuators model
	Thrusters
	Reaction Wheels

	Mating and contact dynamics

	Mission scenario description
	Phases of the mission
	Sensing phase
	Approach phase
	Mapping phase
	Docking phase

	Requirements, hypothesis and limits

	Guidance, Navigation and Control
	Guidance
	Classical docking
	Artificial Potential Field (APF)
	Innovative Artificial Potential Field guidance 
	Current limitations

	Navigation
	Sensors
	Extended Kalman Filters

	Control
	PID
	SMC
	Attitude control


	Simulator implementation
	Simulator
	Simulator description
	General architecture

	Guidance implementation
	Sensing and approach phase guidance
	Classical docking
	Innovative Artificial Potential Field
	Docking attitude guidance

	Navigation implementation
	Sensors implementation
	EKF and Data fusion
	Sensors application

	Control implementation
	Sensing and approach phase control
	Docking phase control

	Chaser and Target architecture
	Chaser configuration
	Target configuration

	Actuators implementation
	Thrusters model
	Reaction wheels model


	Simulation results
	Sensing and approach phase results
	Sensing attitude
	Sensing position
	Approach attitude
	Approach position

	Docking Phase
	Classical docking
	Classical manoeuver and APF approach
	APF guidance only


	Image generation 
	Software architecture
	Scene setup and ICD definition
	Software and image requirements

	Conclusion

